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Abstract

The use of MEMS (micro-electro-mechanical system) sensors in multiple applications of
environmental monitoring help to fill the need of a small scale, low power monitoring and
sensing applications. In this design, the use of single-die multiple MEMS sensors to monitor
ambient temperature, relative humidity, and accelerative high-g shock were developed and tested.
In addition to the sensors, signal conditioning circuits were developed for outputting the sensor
data into a microcontroller to analyze and process the signals into useful information for human
operators to analyze.
The three sensors were fabricated using a bulk micro-machined process on 100mm
silicon wafers developed in the RIT SMFL. This work extends previous work on a multisensor
from a year earlier. Ion implantation is now used to tune doping levels. To help reduce crosstalk between sensors, p-wells were introduced to aid in substrate isolation. A parallel plate
humidity sensor was developed, bringing the need to develop in-line processing of polyimide.
Lastly, the one-axis shock sensor is upgraded into a three-axis shock sensor.
The temperature sensor is made using a PN diode, utilizing the temperature dependence
of the forward bias voltage drop from the Shockley diode equation, corresponding to -2.2mV/°C
response over a range of -50°C to 150°C for the application operation range. Signal conditioning
is a constant current mode operation, measuring the change in voltage drop across the diode.
The relative humidity sensor is formed from one of two designs; an interdigitated combfinger capacitor or a parallel plate capacitor. Polyimide was used as the dielectric material due to
linear diffusion properties of water vapor to relative humidity. While the comb-finger sensor was
coated with polyimide post-processing, a new thin film processing and integration technique was
developed for the first time here at RIT for the parallel plate sensor. Due to the small levels of
capacitive change in the range of 5% to 95% relative humidity, the sensor's capacitive
measurement is run through an RC astable multivibrator circuit to produce an RC square wave.
From the frequency of this wave, the capacitance, and thus the relative humidity can be
computed by the microcontroller.
The accelerative high-G shock sensor is made from a piezoresistive accelerometer. A
three-axis asymmetrically central massed microbridge/diaphragm structure was used. Three
Wheatstone bridge circuits were made from piezoresistors placed at key points on the diaphragm
to monitor stress induced from acceleration along the x, y, and z axes. Depending on the
diaphragm thickness, sensitivity was computed to be 10-30nV/G. The outputs of the three
bridges go through differential instrumentation amplifiers to boost the signal and reduce noise
before being read by the microcontroller.
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1 Introduction
This thesis project seeks to fabricate a multi-sensor MEMS (micro-electro-mechanical
system) chip that can monitor ambient air temperature and relative humidity, as well as high-G
shock forces.

Although a major portion of this research will be on the MEMS sensors

themselves, electronic signal conditioning of the sensor outputs and microcontroller analysis will
also be explored. An emphasis on compact design, especially for the MEMS sensors and signal
conditioning circuitry, is a third objective of this thesis.
1.1 Motivation
This sensor system is being pursued for future application as a preventative maintenance
monitor for various applications. Creating a small sensor that can monitor these environmental
conditions and events could be utilized to alert operators and technicians of a damaged or
compromised component, as well as offer data to autopsy the cause of the failure. Compact size
will make it easier to integrate or to retrofit into any system where this kind of monitoring is
desired.
1.2 Objectives
The main objectives of this thesis are:
1. Design, fabricate, and characterize a temperature sensor, relative humidity sensor, and
a 3-axis high-G shock sensor using bulk-micromachining MEMS technology.
2. Design and test signal conditioning circuits to generate output from the MEMS
sensors into signals acceptable as input to a microcontroller.
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3. Program a microcontroller to read and analyze sensor output, as well as to record and
output those results in logical units of measure (°C for temperature, %RH for
humidity, and xG’s for accelerative shock).

2

2 Temperature Sensor

Temperature is a measurement of the heat energy in a thermodynamic system. In a more
common approach, it is viewed as the hotness or coldness experienced, often quantified on a
two-point freezing-boiling point of water scale (Celsius or Fahrenheit) or the International SI
unit of the Kelvin scale; an absolute thermodynamic scale with its magnitude set at 1/273.16 the
interval between absolute zero and the triple-point temperature of water [1].
2.1 Review of Temperature Sensors
The monitoring of temperature is an important variable in a multitude of applications.
Use of temperature monitoring has its uses, from monitoring comfortable living and working
conditions for people and other living organisms, to temperature-dependant processes in industry,
to the environmental conditions machinery and electronics are exposed to in operation. There
are a number of techniques for the design of thermometers for temperature measurement that are
discussed below.
2.1.1 Liquid-in-Glass
A traditional form of temperature measurement makes use of mercury in a glass tube with
delineation marks. As temperature changes, the volume of mercury changes as well. Linear and
quite accurate for scientific research and development and quality assurance work, it has the
limitations of being large in scale and unable to be micronized. The mercury is a toxic substance
as well.
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2.1.2 NTC Thermistor
Some materials have the property of a negative thermal coefficient (NTC), exhibiting
negative change in resistance to temperature. Typically they are made from ceramics of metal
oxides. Simple resistors are fabricated and utilized in either constant current or voltage circuits
for measurement.

Temperature ranges are in the order of -100 to +325°C and have high

sensitivity [2]. They are relatively low cost, though they require additional signal processing and
computation for temperature read-outs.
2.1.3 Platinum RTD
Resistance temperature detectors (RTD) are similar in principle to thermistors, though
these tend to be positive thermal coefficient (PTC) materials involving windings of wire around a
metal film. Platinum is usually chosen for its high sensitivity, stability, and linear response for
temperature ranges of -200 to 650°C [2].

However, platinum RTDs have relatively slow

response times compared to other temperature sensors. The wire windings structure also leaves
the sensor larger than other temperature sensors. The cost of the platinum increases the price of
these sensors.
2.1.4 Thermocouples
Thermocouples are sensors of two materials with different thermal coefficients and make
use of the Seebeck Effect to generate a voltage from a thermal gradient. Small, inexpensive, and
fast response time, thermocouples also have a broad temperature range of measurement from
-200 to 1750°C [2]. But due to cold junction losses, thermocouples are not very sensitive in
small degree variations and are non-linear in their response.
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2.1.5 Semiconductor Temperature Detectors
The bipolar junction transistor (BJT) and PN diode are two types of semiconductor
devices that, in a constant current mode, exhibit a negative, linear proportional voltage response
to temperature. These sensors are small-scale and easily integrated into other IC technologies.
Diodes have become preferential over BJTs due to their simpler design and manufacturing steps.
Also, BJT temperature sensors are run in forward active mode; the reverse-biased base-collector
current places a large series resistance on the sensor, while the PN diode in forward bias
operation has a smaller series resistance [3]. Semiconductors as temperature sensors have a
smaller stable sensing range of -70 to 150°C (200°C on an insulator substrate) [2], and can
exhibit slow response time due to bulk thermal transmission and internal current heating.
2.2 Project Temperature Sensor - Silicon PN Diode
A temperature sensor based on a silicon semiconductor PN diode was selected for its ease
of integration on single silicon substrate with the other two sensors, as well as its linear response
to temperature. The applicable temperature ranges the sensor will operate at will be from -55 to
130°C, well within the stable operation range of a semiconductor temperature sensor. It is
assumed that the self-heating of the PN junction by the current is kept minimal and any series
resistance has been minimized such that the resistance voltage drop is less than the PN junction
voltage drop.
The PN diode is used as a temperature sensor by deriving the temperature dependence
variable from its ideal I-V characteristic equation. Under forward bias operation and applied
potential greater than kT/q, the diode's I-V contributions are primarily from diffusion current,
with recombination-generation contributions being minimal, yielding the equation [4].
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  qV  
J = J s e  kT  − 1



(2.1)

With J, the current density, q, the elementary electron charge, V, electrical potential, T,
temperature, and k, the Boltzmann constant. Given that the reverse bias saturation current Js.
 Dp 1
J s = qni2 
⋅
+
 τ p N D

Dn

τn

⋅

1 

NA 


(2.2)

With Dp and Dn the diffusion coefficients of holes and electrons doping respectively, τp and τn the

minority carrier lifetime of n-type and p-type doping respectively, and ND and NA the majority
carrier concentrations of n-type and p-type doping respectively. From equation (2.2) the intrinsic
carrier concentration, ni2, is found to be via Fermi-Dirac statistics as [5],

2
i

n = N C NV e

E

− g
kT 


(2.3)

where:

 m n* kT 
N C = 2
2 
 2πh 

3

 m *p kT 
N V = 2
2 
 2πh 

2

3

2

(2.4)

NC and NV are the effective densities of conduction band states and valence band states
respectively, mn* and mp* are the average effective mass of electrons and holes respectively, and

ħ is the reduced Planck’s constant. This shows a strong dependence on temperature, allowing for
ni2 to be proportional to T [6] by :

2
i

3

n ∝T e

E

− g
kT 


(2.5)
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It should be noted that Eg, the band gap energy, is also a function of temperature following a
behavior as illustrated in Figure 2.1 [5]:

E g (T ) = E g (0) −

αT 2
(T + β )

(2.6)
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Figure 2.1: Band gap energy of silicon over a 0-800K range.

This fluctuation of band gap energy will need to be considered in final approximation.
Back in equation (2.2), substituting D/τ for a proportionality factor γ, and using the Einstein
relation, with µ, carrier mobility [5],

D=µ

kT
q

(2.7)

yields:
J s ∝ T γ 2 ni2

(2.8)

and substituting equations (2.5) and (2.8) back in equation (2.2) gives:
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J s = CT

( 3+ γ 2 )

e

E

− g
kT 


(2.9)

where C is device constants from equations (2.2) and (2.4). The temperature dependent power
factor (3+γ/2) can be substituted as η, a fabrication dependent factor, which is typically around
3.5 for non-degenerately doped silicon diodes.
Solving equation (2.1) in terms of voltage yields [6],

V=

 kT  J  kT  J s (T ) 
kT  J
ln 
+ 1 =
ln 
ln
+ 1
+
q  J s (T )  q  J s (T )  q  J


(2.10)

and substituting equation (2.9) in, equation (2.10) can be expressed as

V = Eg −

kT
kT  J  kT  J s (T ) 
η ln (T ) +
ln  +
ln
+ 1
q
q  C  q  J


(2.11)

To simplify equation (2.11), it is rewritten at two different temperatures; an arbitrary temperature
T and a reference temperature Tref at similar constant currents [6] producing the equation

ηkTref

V = E g +
q


+

ηk 


−


Eg +

 T
T − Tref − T ln
q 
 Tref

ηkTref
q
Tref

− V (Tref )
T

 kT  J + J s (T ) 
 +
ln
 q  J + J (T )
s
ref 



(2.12)

From the constant current mode equation, the voltage of the diode is formed from a constant
(first term), a linear term (second term), and two non-linear terms (third and forth terms).
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Under a standard operation range of -50°C to 150°C, the non-linear terms are
insignificant compared to the linear term, which will principally define the temperature-voltage
gradient of the diode temperature sensor.

With this, the response of the sensor can be

approximated to [7]:

ηkTref

 1
∂V
= −  E g (Tref ) +
− V (Tref )
∂T
q

 Tref
From this, a voltage response to temperature can be measured.

(2.13)

Using a PN+ diode with

NA=7.712x1016 cm-3 and ND=3.625x1019 cm-3 concentrations, Figure 2.2 shows a series of diode
I-V responses from 200K to 450K.

Figure 2.2: Simulated current-voltage curves of a PN diode at various temperatures
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When measuring at a single current, the dV/dT response is linear, but the sensitivity of that
response varies with current.

Sensitivity improves with smaller currents for PN diode

temperature sensors.
2.3 Optimization of Temperature Range and Sensitivity of Silicon PN Diode
While the lower range of the diffusion junction PN diode is limited to around the “freezeout” region of a semiconductor around 70-100K [4],[5], the upper temperature is a more variable
parameter set by various fabrication and operation parameters. A maximum temperature, Tm,
which is defined as the temperature at which intrinsic carrier concentration is at only 10% of the
majority carrier concentration of the diode, can be determined from the condition of V(Tm)=kTm/q,
and using equation (2.1) yielding [8]:

Tm =

E g (Tm )

(

)

 4(e − 1)(m m )3 2 2πkT / h 2 3 [qµ (T )kT ]1 2
n
p
m
n
m
m
k ln 
12
12
 JN A [τ n (Tm )] tanh d [µ n (Tm )kTmτ n (Tm ) q ]

{





(2.14)

}

From this, semiconductors with naturally greater energy band gaps will have a greater maximum
temperature. Increasing the majority carrier concentration, the base length d for short base
diodes where d<<L, or the minority carrier lifetime τn for long base diodes where d>>L are all
manufacturing parameters to maximize Tm.

As for operational parameters, increasing the

operating current density will maximize Tm.
It is also ideal to strive for a large temperature sensitivity response in the diode sensor.
Utilizing the conditions until V(T)>>kT/q and equation (2.11), temperature sensitivity can be
approximated by [8]:

10

(

)

12
32
2 3
k  4(qµ n kT ) 2πkT h (mn m p ) 
∂V (T )
= − ln 

q 
∂T
JN Aτ n1 2 tanh(d Ln )



(2.15)

From equation (2.15), the temperature sensitivity does not depend on the band gap energy like
maximum temperature does. Decreasing the majority carrier concentration, the base length d for
short base diodes where d<<L, or the minority carrier lifetime τn for long base diodes where
d>>L are all manufacturing parameters to maximize sensitivity. As for operational parameters,
decreasing the operating current density will maximize sensitivity.
From equation (2.14) and (2.15), it is apparent that maximizing Tm will decrease
sensitivity, and vice versa. Short base diodes perform best as temperature sensors, eliminating
base length and minority lifetime has parameters for maximum temperature and sensitivity. As a
note for the constant current mode monitoring operation, the current should be kept low,
especially at lower temperatures, to prevent temperature biasing from internal heating from
device impedance. Table 2.1 below shows a comparison of maximized Tm versus sensitivity for
silicon.

Table 2.1: Maximized Temperature Sensitivity and Max Temperature for Silicon PN Diode

Depending on the requirements, a proper balance for dopant concentration and operational
current should be selected for the application of a PN diode temperature sensor.
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3 Relative Humidity Sensor

Relative humidity is the measure of the amount of water vapor in a volume of air as a
percentage of the total volume of water vapor that could be held in gas phase for a specific
temperature. The saturation vapor density of water in air can be empirically calculated from 0 to
100°C as [9]:
100 % RH = 6.335 + 0.6718T − 2.088 x10 −2 T 2 − 7.3095 x10 −4 T 3

(3.1)

For different temperatures, similar relative humidity have different total amount of water vapor,
or absolute humidity. It is important that ambient air temperature is considered when measuring
relative humidity. Figures 3.1 and 3.2 show saturation vapor density and the absolute vapor
densities at 75, 50, and 25%RH.

Figure 3.1: Relative Humidity of Water Vapor from 0-100°C
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Figure 3.2: Relative Humidity of Water Vapor from 0-60°C

3.1 Review of Relative Humidity Sensors
Measuring relative humidity has a range of applications in environmental monitoring.
Apart from comfort for living and working conditions, low relative humidity (<35%RH) or high
relative humidity (>65%RH) can be problematic.

Conditions of low humidity can cause

problems such as chemical off-gassing from paints and coatings (due to the air partial-pressure
imbalance). Low humidity tends to promote charge build-up, causing electrostatic discharge that
can damage electronics. High humidity as well can damage electronics and other industrial
processes. Both low and high humidity conditions can promote the growth and spread of algae,
molds, and other pests that can be health hazards [10].
Below is a review of various micro-scale techniques that can be used to measure relative
humidity of air.
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3.1.1 Optical Humidity Sensors
Water vapor can be detected optically by either a nondispersive infrared (NDIR) or a
chilled-mirror structure. NDIR humidity sensors monitor and detect the amount of IR absorption
of a gas to determine the amount of water vapor in the air. The chilled-mirror humidity sensor
uses a temperature-controlled mirror to find the dew point temperature of the gas, using LEDs to
detect the formation of water droplets on the mirror. Although both are good humidity sensors
and take into account the air temperature dependence, neither structure is currently at the micro
scale nor can they be monolithically manufactured as a single device (the IR filters, light source,
and detectors, as well as the LEDs in both are separately assembled devices) [10].
3.1.2 Mass-Sensitive Humidity Sensors
Mass-sensitive humidity sensors utilize an acoustic wave vibration system at a resonant
frequency. By coating the surface of this vibrating mass with a moisture-sensitive film, the
additional weight of the moisture will alter the mass of the sensor and allow the monitoring of
this change as an output change in vibration frequency. Fine tuning of the mass and use of
piezoelectric material is typically needed for this type of sensor [10].
3.1.3 Resistive and Capacitive Humidity Sensors
Resistive and capacitive humidity sensors, like the mass-sensitive sensors, utilize a
moisture-sensitive film to measure humidity. For resistive sensors, the change in impedance is
measured as the sensitive film expands and contracts with additional volume from absorbed
moisture. Capacitive sensors use two electrodes whose field line pass through the moisturesensitive film, and detect the change in capacitance as the dielectric constant of the film changes
with moisture [10].
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3.2 Project Relative Humidity Sensor - Capacitive Sensor with Polyimide Sensing Film
For the project, scale of the final size eliminates optical sensors and the presence of high
vibration and shock eliminates mass-sensitive style sensors, so a capacitive-type relative
humidity sensor was chosen for its ease and linear output. Capacitive relative humidity sensors
come in two main styles; parallel plate and interdigitated comb finger (IDF) electrode layouts.
3.2.1 Parallel Plate Capacitor
The parallel plate relative humidity sensor involves two electrodes, a lower and upper
plate with a moisture-sensitive film as the dielectric layer in between. Holes or lines are usually
etched into the top plate to aid in the absorption of moisture as seen in Figure 3.3.

Figure 3.3: Parallel Plate Humidity Sensor Structure

The capacitance of this sensor is calculated to be:

C PP =

Atop ε o ε s
ts

(3.2)
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where CPP is the parallel plate capacitance, Atop is the top plate area, εs is the dielectric constant
of the sensing film for a give %RH, and ts is the thickness of the sensing film. In addition to this
capacitance, there is also a parasitic capacitance into the substrate; though it isn't affected by
humidity, it does lessen the sensing capacitance of the parallel plate capacitor.

C parasite =

[A

bottom

]

+ A pad ε o ε sub
t sub

(3.3)

where Abottom is the bottom plate area, Apad is the area of any extra contact pads, and εsub and tsub
are the dielectric constant and thickness of the underlying oxide.
3.2.2 Interdigitated Comb Finger Capacitor
The interdigitated comb finger (IDF) capacitor uses two coplanar electrodes, as a series
of long fingers meshed together as seen in Figure 3.4.

Figure 3.4: Interdigitated Comb Finger Sensor Structure

The electric field produced from this structure is an elliptical-shaped set of fringing lines
between the fingers with a capacitance defined by a zero-order Bessel function [11]:

C IDF = LN

4ε o ε s

π

∞

1

∑ 2n − 1 J
n =1

2
0

 (2 n − 1)πs 
 2 (s + w ) 



(3.4)
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where CIDF is the total capacitance of the IDF capacitor, L is the length of overlap between the
comb fingers, N is the total number of fingers, εs is the dielectric constant of the sensing film for
a give %RH, s is the spacing between fingers, and w is the width of the fingers. In addition to
this capacitance, there is also a parasitic capacitance into the substrate. Though it isn't affected
by humidity, it does lessen the sensing capacitance of the IDF.

C parasite =

[(A

IDF

]

+ A pad ) 4 ε o ε sub
t sub

(3.5)

where AIDF and Apad are the area of the IDF fingers and capacitor bond pads, εsub and tsub are the
dielectric constant and thickness of the underlying oxide.
The moisture-sensing film is applied on top of the comb fingers. The thickness of this
film should be at least s+w to properly contain the IDF electric field [12]. Thicknesses less than
s+w would require additional calculation due to field lines passing through dielectric media other
than the moisture sensing film [12], [13]. Thicknesses greater than s+w do not affect the
capacitance measurements, however sorption, diffusion, and time to reach equilibrium with the
air humidity will take longer [12].

Figure 3.5: Electric Field Lines in an IDF Humidity Sensor
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3.3 Moisture-Sensitive Film
Various types of metal oxides, ceramics, and polymers can be utilized to absorb and
detect the presence of water moisture in the air. Depending on the material, changes to either
physical properties, weight change and/or surface stress due to altered film geometry, or
electrical properties, impedance and/or dielectric constant, can occur as water diffuses in and out
of the film.
Porous ceramics and metal oxides that can be used include TiO2/V2O5, Al2O3,
Ta2O5/MnO2, and porous silicon and alumina can be utilized as either impedance or capacitive
sensing films.

Ceramic films are typically thick films greater than 10µm when used as

impedance type sensors, and less than 5µm as capacitive type sensors. The water vapor enters
the porous ceramic and it is chemisorbed into the film, requiring the use of an external thermal
heater to desorb the water vapor [10].
Polymers utilized for moisture sensing include polyvinyl acetate, cellulose acetate,
phthalocyanine, and polyimide. These can be used for mass-sensitive, impedance, or capacitive
sensing films.

Polyvinyl acetate is an electrolytic polymer used in impedance sensors.

Phthalocyanine is used in some applications of mass-sensitive sensors. Both cellulose acetate
and polyimide are used as mass-sensitive and capacitive sensors. Water vapor can be absorbed,
diffuse, and desorb into polymer films, though issues of hydrolysis and film breakdown to
environmental pollutants is an issue [10], [14].
3.3.1 Polyimide
Polyimide is a thermosetting polymer generally used for insulating layers and adhesives
that have a high resistance to heat and chemicals and high tensile strength. It's formed via
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condensation polymerization of a dianhydride and a diamine pre-cursor solution on an imide
backbone as shown in Figure 3.6. In the electronics industry, it is used as a durable, flexible
cable and interconnect insulating sheath. In semiconductors, it is used as a self-planarizing spinon passivation layer or as an inter-level adhesive. Certain blends can behave like photoresist in
processing, being either 'positive' or 'negative' tone under exposure. MEMS use polyimide for
similar uses as semiconductors, and also as sacrificial layer for surface micromachining and for
sensor coatings [14].

Figure 3.6: Imide Monomer with Aromatic Rings R' and R"

Polyimide has the property of absorbing and diffusing water as a function of percent
volume of the film to the equilibrium of water vapor in air. This absorption of water into the
film causes an alteration of the dielectric constant, that be modeled by Looyenga's semiempirical equation for vapors absorbing into a solid [15].

[(

)

ε s = γ ε w1 3 − ε PI 1 3 + ε PI 1 3

]

3

(3.6)

εs is the dielectric constant of the polyimide film, εw is the dielectric constant of water, and εPI is
the dielectric constant of the dry polyimide film at 0%RH. The dielectric constant of water is
temperature dependent as show in Figure 3.7 [16]:

[

ε w = 78 .54 1 − 4.6 x10 −4 (T − 298 ) + 8.8 x10 −6 (T − 298 )2

]

(3.7)
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Figure 3.7: Dielectric Constant of Water at Various Temperatures

The term γ is a function of γmax, maximum fractional volume absorbed at reference temperature
To, as a function of relative humidity and temperature [16].

γ = γ max φ (T )χ ϕ (T )

(3.8)

where ϕ(T) is the temperature dependence of adsorption coefficient:

φ (T ) = 1 − α o (T − To )

(3.9)

and φ(T) is the temperature dependence of εw and the catalytic effect.

ϕ (T ) = ϕ o

1 − α 1 (T − To ) + α 2 (T − To )
1 + β 1 exp[β 2 (T − To )]

2

(3.10)

And terms αo, α1, α2, φo, β1, and β2 are fitting coefficients. From this, an empirical fitting
equation of capacitance to relative humidity, x, at a given temperature T, can be made [16].
 x 
C ( x, T )

= 1 + ε d 
Co
 χ (T ) 

n

(3.11)
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where

χ (T ) =

1 + θ 1 (T − To ) + θ 2 (T − To )
 T − To 

1 + ρ 1 exp −
ρ 2 


2

(3.12)

Co is the base capacitance at 0%RH. Values εd, the dielectric sensitivity, and n, a nonlinear index
less than 1, can found by setting the humidity sensor at T=To and measuring at two separate
relative humidity values. As for the fitting coefficients θ1, θ2, ρ1, and ρ2, these can evaluated
with a set of four differential equations using four different temperatures not equal to To, but at
the same relative humidity.
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4 Shock Sensor

A high-G shock is a short duration, sudden accelerative force applied to a structure that
can be equivalent to multiple times the force of Earth’s gravity that is normally experienced.
Unlike a moving projectile or a vibrating structure, a shock force is typically the result of a
collision and sudden momentum change. Measurement of accelerative forces can be done using
an accelerometer sensor.
4.1 Review of Accelerometer Sensors
Measuring accelerative forces, particular shock forces, is useful for detecting collisions.
Such high-force collisions could cause considerable stress damage to a structure. These sensors
could also use these events to employ protective countermeasures during these high-G events, for
example an air bag deployment sensor in automobiles.
Below is a review of various micro-scale techniques that can be used to measure
acceleration.
4.1.1 Capacitive Accelerometers
Capacitive accelerometers use cantilever beams (1-axis sensing), suspended microbridges
(2-.3-axis sensing), etc. with series of parallel plates that are free to move parallel to one another
that act as a capacitor. One side is fixed to a beam that is free to move, while the other side is
fixed to the anchored bulk substrate. As the free side moves, the area of the capacitor changes,
and the amount of this capacitive change can be calculated back to force exerted on the sensor
and related to acceleration by F=ma. These types of capacitive plates typically require a deep,
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anisotropic etch to achieve large plate area and to keep the distance between the plates constant
[17].
4.1.2 Strain and Piezoresistive Accelerometers
Like capacitive accelerators, strain accelerometers use either cantilever beams (1-axis
sensing) or suspended microbridges (2-,3-axis sensing). Strain deformation in the accelerometer
beams is used to sense applied force on the sensor. To detect this strain, resistors or transistors
are placed at points of highest strain generation, and the physical deformation of these devices
changes their I-V output characteristics. In many causes, the strain detector is made of a
piezoresistive material which enhances the strain detection beyond just physical deformation
[17], [18].
4.2 Project Shock Sensor – Three-Axis Piezoresistive Microbridge Accelerometer
For this project, a piezoresistive microbridge, with four cantilever beam arms supporting
a central mass, as seen in Figure 4.1, was selected for a three-axis accelerometer as a shock
sensor.

Figure 4.1: Piezoresistive Microbridge Accelerometer
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Cantilever beams, utilizing piezoresistors to measure the strain effects of the cantilever beam at
its anchor point to the bulk and central mass, can have the force generated at these points
calculated by [17]:

Fz − axis =

3∆zEI
L3

(4.1)

with Fz-axis the force normal to the plane of the surface of the substrate, L the length of the
cantilever beam, ∆z the displacement of the cantilever in the direction of Fz-axis, E the Young’s
Modulus of the material, and I the term of momentum defined as:
wt 3
I=
12

(4.2)

with w the width of the cantilever and t the thickness of the beam. From this, the strain at the
anchor point of the beam, σx=0 with the bulk substrate can be represented as [17]:

σ x=0 =

FLt
2I

(4.3)

This same force bending the cantilever beams normal to the surface of the beam can also
be employed for force vectors that have some component parallel to the chip surface. By having
the central mass's center-of-gravity unbalanced significantly from the beam arms, the in-plane
force vectors will cause the central mass to sway back and forth, causing the beam arms to flex
up and down in response to this motion. As shown in Figure 4.2, the application of normal and
in-plane force vectors will produce strain forces as described in (4.1).
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(b)

(a)

Figure 4.2: Piezoresistive Microbridge Accelerometer with Equal Force Applied (a) normal to surface and
(b) in-plane to surface.

This strain relationship can be used to calculate the physical deformation on the resistors
placed at this location. However, it’s found that using a piezoresistive material for the resistor
yields a change in resistance as a function of its piezoelectric-strain properties, with physical
changes being insignificant [19].
4.3 Piezoresistance
Research [20] has shown that strain causes compressive and tensile distortion to crystal
lattices having the effect of altering the energy bands of the conduction and valance bands.
These alterations can change either the electron or hole mobility in semiconductors and alter the
conductivity of the material. Looking at the function of resistivity change as a function of
piezoresistance and strain, [21]
∆ρ ω

ρ

6

= ∑ π ωλ χ λ

(4.4)

λ =1

with πωλ as the piezoresistive component and χλ as the strain component in sixth-order tensor
format. For symmetric cubic crystals like silicon, the following piezoresistive tensor results [20].
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π ωλ
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π
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π
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 0
 0
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π 12 π 12
π 11 π 12
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0

0
0

0

0
0

0

0
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0
0

0
0

0
0

π 44
0

0 
0 
0 

0 
0 

π 44 

(4.5)

This shows that for materials like silicon, only the π11, π12, and π44 piezoresistive components are
important. Experiments have found these components in silicon to be as follows in Table 4.1.

Table 4.1: Piezoresistance coefficients for (100) Silicon at Room Temperature [21]

Crystal orientation, doping type, direction of strain, and type of strain can all alter the
piezoresistive response. The two main types of strain looked at are longitudinal, πl, where the
force and current are in the direction of the strain, and transverse, πt, where the force and current
are perpendicular to the strain. These piezoresistive factors can be generalized for any crystal
orientation and force direction as referenced from Euler's angles. [21]

Figure 4.3: Euler’s Angles [21]
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 l1
l
2
l3

m1
m2
m3

n1   cos φ cos θ cos ϕ − sin φ sin ϕ
n2  =  − cos φ cos θ sin ϕ − sin φ cos ϕ
n3  
cos φ sin θ

sin φ cos ϕ + cos φ sin ϕ
− sin φ sin ϕ + cos φ cos ϕ
sin φ sin θ

− sin θ cos ϕ 
sin θ sin ϕ 
cos θ


(4.6)

π l = π 11 − 2(π 11 − π 12 − π 44 )(l12 m12 + m12 n12 + n12 l12 )

(4.7)

π t = π 12 + (π 11 − π 12 − π 44 )(l12 m 22 + m12 n 22 + n12 l 22 )

(4.8)

From this, a plot of longitudinal and transverse piezoresistance coefficient can be graphed.
Figure 4.4 shows the mapping of piezoresistance for (100) silicon.

Figure 4.4: Piezoresistance in (100) Silicon for (a) P-type Doping (b) N-type Doping [21]

For this project, p+ silicon on (100) wafers with piezoresistors oriented in the <110> direction
was selected, simplifying equations (4.7) and (4.8) to:
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πl =

1
2

(π 11 + π 12 + π 44 )

(4.9)

πt =

1
2

(π 11 + π 12 − π 44 )

(4.10)

Doping concentration generally decreases the piezoresistive coefficient, but it reduces
temperature dependence of this term [18], [21], which could be seen as a benefit for calibration if
the accelerometer will be exposed to a broad temperature spectrum.

Figure 4.5: Piezoresistive Coefficient Dependence on Concentration and Temperature for P-Type Silicon [21]

This factor of change can be summarized as Π, the piezoresistive coefficient from either

πl and πt, the longitudinal and transverse piezoresistive factors respectively. From all of this, a
relationship of change in resistance can be shown by [22];
∆R
= Πσ
R

(4.11)

Where σ is the total strain and ∆R/R is the percent change of resistance. Comparing the changing
resistance to a stable reference resistance in a half Wheatstone bridge or against other matched
resistors perpendicular to one another in a full Wheatstone bridge, can produce a voltage change
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proportional to the change in resistance. This voltage output can then be used to infer the
accelerative forces the sensor is detecting.

29

5 Design

The design of the multi-sensor is broken down into three sections. Of most importance
will be the MEMS sensor design that will be fabricated here in RIT’s SMFL. The second section
will include off-chip signal conditioning circuiting to establish the necessary current-voltage
operation for the sensors as well as condition the sensor output for analysis. The final section
will consider output signals that will be read by a microcontroller for post-processing and
recording.
5.1 Preliminary Work
An initial design of the MEMS multi-sensor chip was developed and fabricated in the
winter of 2010 here at RIT. The MEMS chip is a 4mm x 4mm silicon-based structure using a
PN diode for the temperature sensor, an interdigitated comb finger capacitor with a polyimide
moisture-sensing film for relative humidity sensing, and a dual-armed one-axis piezoresistive
cantilever beam for high-G shock sensing. The VLSI design was done using Mentor Graphics
IC Station software, with an image of the VLSI layout in Figure 5.1. Refer to Table 5.1 for
dimensions and properties of the three sensors.
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Figure 5.1: Layout of Preliminary MEMS Sensors Chip

Table 5.1: Key Design Dimensions

The MEMS chip was fabricated using a 7 mask design on a 1x contact lithography tool.
Both the N and P dopants were thermally driven-in spin-on glasses of phosphorus and boron
respectively. Piezoresistors for the shock sensor were made from p-type silicon orientated on the
<110> direction. The diagraph was a KOH wet etch, with the back-side opening designed using
KOH’s property of crystallographic etching along silicon’s <111> direction.

Sputtered
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aluminum was used for the all the metal wires, pads, and the IDF capacitor. A pad oxide and
masking aluminum for the top hole etch of the cantilever beam was performed, and the chip die
were diced using a wafer saw. Individual chips had the silicon top hole etch to release the beam
with a SF6 plasma, followed by a wet aluminum and pad oxide etch to remove the protective
mask. Finally, polyimide was manually drop-casted on each IDF capacitor and cured. Finished
chips were packaged and tested.

Figure 5.2: Figurative Cross-section of MEMS Sensors Chip

5.1.1 Temperature Sensor Testing
The first temperature sensor testing was performed at Impact Technologies using a
calibrated test oven over the range of -60°C to 175°C. Measurement was done using a Fluke
Multimeter in diode voltage test mode, which uses a constant current mode at 600µA. Two
separate temperature sweeps were performed, both having a response of -1.7mV/°C as seen in
Figure 5.4.
A second temperature test was performed here at RIT using a constant current mode
circuit as shown in Figure 5.3 with current at 100µA. The temperature was recorded as the oven
temperature was swept from 20°C to 110°C and yielded a response of -2.1mV/°C
32

Figure 5.3: Temperature Sensor Signal Conditioning Circuit
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Figure 5.4: Results of First Temperature Sensor Testing

5.1.2 Relative Humidity Sensor Testing
Relative humidity sensor testing was performed at Impact Technologies with their
calibrated relative humidity chamber. Humidity was swept upwards, stopping for 5 minutes at
30%, 45%, 60%, and 75%RH for stabilization of the chamber.

These series of test were
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performed three times at temperatures of 20°C, 40°C, and 60°C. To prevent large parasitic
capacitances from wires into the chamber, the relative humidity sensor’s capacitances were
converted into a square wave using a positive feedback astable multivibrator circuit as shown in
Figures 5.5. This signal was read by an Arduino microcontroller that converted the frequency of
the circuit back into a capacitance value by the following equation:
1
= RC 2 ln (2 )
f

(5.1)

Figure 5.5: Relative Humidity Sensor Signal Conditioning Circuit

For the relative humidity sensor testing, the response of the sensor showed a fairly linear
change with humidity as shown in Figure 5.6. At higher temperatures, the total capacitance was
greater for similar relative humidity sweeps. The percent change of capacitance, C/Co was: 20°C
~ 4.40% C change, 40°C ~ 5.25% C change, and 60°C ~ 8.70% C change
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Figure 5.6: Results of Relative Humidity Sensor Testing

5.1.3 Shock Sensor Testing
Shock testing was performed at RIT using the test set-up in Figure 5.7. The test set-up
consists of 12V power supply sub-woofer speaker whose output is controlled by a function
generator.

To simulate a high-G shock, the set-up was calibrated with a commercial

accelerometer ADXL78-22280. A pulse wave with a 3.3ms width at 150Hz and amplitude of
1.60Vp-p was found to simulate a 50G shock pulse.

Figure 5.7: Shock Sensor Test Set-Up

35

It was found that signal output was too small at first, so the signal was amplified with a
single-power supply 10x amplifier as shown in Figure 5.8. Also, additional mass over about
6.04x10-4g in the form of three solder balls was added to the cantilever beam to produce a visible
output.

Figure 5.8: Shock Sensor Signal Conditioning Circuit

The shock sensor at 50G showed a 129.3mVp-p response after additional mass and 10x
amplification in Figure 5.9. The sensor in its current form has a sensitivity of 2.586mV/G
response.

Figure 5.9: Results of Shock Sensor Testing
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5.1.4 Conclusions
The temperature sensor testing shows that a PN diode will behave with negative linear
voltage to temperature response. The sensitivity of the temperature sensor is dependent on what
current is used to drive the diode in a constant current mode, with lower current giving greater
sensitivity.
The relative humidity sensor performed as expected, though may have suffered from
some saturation or condensation effects during high humidity at 60°C.

Two additional

temperature runs should have been performed so an attempt at empirically calculating the
humidity sensor response could have been investigated.

Ways to increase the sensing

capacitance and reduce any parasitic capacitances need to be investigated.
The shock sensor did work in the end, though should have been designed with an integral
mass to avoid this post-processing modifications. Other design parameters to the geometry of
the cantilever beam could have been done, and will be noted for the 3-axis accelerometer design.
5.2 New Design
Building off of the design and experimentation results of the initial work, a new design
utilizing a three-axis microbridge accelerometer was developed. To insure robustness, a design
rule of λ=10µm is utilized. For the relative humidity sensor design, both an interdigitated comb
finger capacitor and a parallel plate capacitor were introduced as two separate design versions.
The parallel plate capacitor presents potential challenges of integrating polyimide into a complex
fabrication for the first time at RIT. The PN diode for the temperature sensor will continue to be
used. Figure 5.10 shows an overview of the new design.
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(a)

(b)

Figure 5.10 New MEMS design with three-axis accelerometer (a) Version 1 with IDF Capacitor (b) Version 2 with
Parallel Plate Capacitor.

In addition to integrating polyimide into the fabrication process with the Version 2 design,
well isolation is included into both designs. A side-effect of multiple sensors on a single
substrate is stray body charge and currents which can have undesired effects on operation, which
were seen during the initial design experimentation. To help electrically isolate each sensor, use
of body contacts and doped wells were designed. Using an n-type substrate, p-type wells can
achieve this isolation if proper biases are selected such to create a reverse-bias operation between
the well and substrate. Figure 5.11 illustrates the basic design with contact biases each sensor
would have applied during operation. The humidity capacitor’s well is also designed to help
minimize substrate parasitic capacitances by having the well and lower electrode at the same
potential.
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Figure 5.11 New MEMS Design to Electrically Isolate Each Sensor

5.3 Temperature Sensor Design
5.3.1 MEMS Design
For the temperature sensor, a PN diode in a p-well was designed as shown below in
Figure 5.12 and Tables 5.2 and 5.3.

Figure 5.12 PN Diode Top View Layout

Table 5.2 PN Diode Dimensions

Table 5.3 PN Diode Semiconductor Parameters
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The major changes to the temperature diode in this design are the addition of a p-well,
smaller contact pads, and the use of ion implantation instead of spin-on dopants. The value
chosen for N+ is to provide a good ohmic contact to the metal for both the N side of the diode
and for the body substrate contacts as seen in Figure 5.11. The P+ value was selected for higher
sheet resistance value for the shock sensor’s piezoresistors. This dose is being used for P side of
the diode to reduce the need for a separate mask layer. Post-thermal processing results were
simulated using Silvaco Athena, applying all +800°C thermal processes that the implants would
experience in fabrication.
5.3.2 Signal Conditioning Circuitry
To utilize a PN diode as a temperature sensor as described in Equation (2.13), the diode
needs to be run in constant current mode operation. This can be accomplished with an in-series
resistor before the diode which will establish a fairly constant current. Figure 5.13 shows a
schematic for the temperature sensor conditioning circuit.

Figure 5.13 Temperature Sensor Signal Conditioning Circuit

Measuring the change of voltage drop across the diode from Vout to ground can give a voltage
signal response for ambient temperature.
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The value of R1 in the circuit above will determine what the current will be. By adjusting
the value of R1, and thus current, a change in temperature sensitivity can be seen as explained in
Equation (2.15). Simulating the circuit operation using the RITMEMDIODE model and using
the values of 10, 33, 68, and 100 kΩ, the conditioning circuit should behave as shown below in
Figure 5.14 and Table 5.4. It’s shown that as the current increases, the sensitivity of the diode as
a temperature sensor decreases.

Figure 5.14 Diode Voltage Drop and Current Simulating -50°C to 150°C
[Voltage/Current Plots for 10kΩ, 33 kΩ, 68 kΩ, 100 kΩ descending]

Table 5.4 Results of Diode Circuit Simulation
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5.3.3 Microcontroller
For all three sensors, an Arudino Uno board using an Atmel ATMega328 microcontroller
will be used to read and perform any necessary computation to the output signals from the signal
conditioning circuitry. For the temperature sensor, an analog voltage input will be used to
monitor the temperature sensor. Due to the microcontroller reading analog voltage as a scalar
integer value from 0 to 1023 divided from ground to reference voltage, the reference voltage is
set to the internal value of 1.1V to give an analog resolution of 1.074mV to be able to read the
-2.2mV/°C resolution of the diode.
5.4 Relative Humidity Sensor Design
5.4.1 MEMS Design
For the relative humidity sensor, two designs were created. Version 1 is based on an IDF
capacitor with its polyimide applied post-processing by manual drop-casting, and Version 2 is
based on a parallel plate capacitor with its polyimide applied during processing by spin-coating
and plasma etching. Below, Figures 5.15 thru 5.17 as well as Table 5.5 show the layout and
design dimensions for both styles of humidity sensors.

Figure 5.15 Version 1 IDF Capacitor Top View Design
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Figure 5.16 Version 2 Parallel Plate Capacitor Top View Design

Figure 5.17 Version 2 Parallel Plate Capacitor Cross-Section

Table 5.5 Relative Humidity Sensor Dimensions

The Version 1 IDF humidity sensor has smaller wire bond pads and a p-well to try to help
reduce parasitic capacitance. It also has 10 less fingers than the initial design due to chip layout
of the new accelerometer. The Version 2 parallel plate humidity sensor uses an n+ polysilicon
lower electrode ion implanted with a dose of 1x1016cm-2 P31 at 50KeV. This same polysilicon
layer is used by the accelerometer for wire crossovers. The contact cut to open the lower
electrode for polyimide deposition is done on the same layer as all other contact cuts on the
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MEMS chip to reduce mask layers. Like the Version 1, it has a p-well for isolation and parasitic
capacitance reduction.
From Equations (3.2) thru (3.5) and a polyimide dielectric constant of 3.3 and 50%RH,
the values of Version 1 and Version 2 sensors’ capacitance can be calculated to be: Version 1
~28pF assuming parasitic capacitance, and Version 2 ~83.6pF for 1µm of polyimide, 111.6pF for
0.7µm of polyimide, and 167.3pF for 0.5µm of polyimide.
5.4.2 Signal Conditioning Circuitry
Due to the small capacitance change that the humidity sensor will see during operation,
parasitic capacitances via wire leads from the MEMS sensor to the microcontroller can be as
high as 80-200pF, drowning out the signal change due to humidity change.

Measuring

capacitance directly isn’t practical either, so converting the capacitance into a voltage signal
would solve both of these problems. Using the RC time constant from charging and discharging
a capacitor, running the humidity sensor through an astable multivibrator circuit in Figure 5.18
can produce a voltage square wave with a period based on this time constant.

Figure 5.18 Single-Supply Astable Mulitvibrator Circuit, with Humidity Sensor as C1
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With R1=R2=R3, the trigger voltage Vt is set at 2/3 Vcc and 1/3 Vcc as Vout triggers between Vcc
and 0V. The capacitor voltage Vc will then charge and discharge between the trigger voltage
values. Given the general equation for a capacitor charging and discharging:
Vc (t ) = [Vc (0 ) − V IN ]e

Charging:

Vc (t ) = Vc (0 )e

Discharging:

−t

−t

RC

+ V IN

RC

(5.1)

(5.2)

For the charging case, Vc(0) is the lower trigger value of 1/3Vcc, and will trigger to discharge
when the op amp switches low at the upper trigger of 2/3Vcc. From this, the time to charge is:

2
3

Vcc = [13 Vcc − Vcc ]e

−T1

RC

+ Vcc ⇒ T1 = RC ln (2 )

(5.3)

For the discharging case, Vc(0) is the upper trigger value of 2/3Vcc, and will trigger to charge
when the op amp switches high at the lower trigger of 1/3Vcc. From this, the time to discharge is:

1
3

Vcc = 23 Vcc e

−T2

RC

⇒ T2 = RC ln(2 )

(5.4)

From this, the RC time constant period of the generated square wave is:
T = T1 + T2 = RC 2 ln (2 )

(5.5)

This was shown to be a good approximation for the circuit in Figure 5.18, with the simulated
period being slightly longer due to timing delays in the op amp. Figure 5.19 shows the values of
Vc, Vt, and Vout during operation.
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Figure 5.19 Square Wave Output of Astable Mulitvibrator Circuit

5.4.3 Microcontroller
Using the Arduino microcontroller, the square wave output is read by a digital input pin
tied to an interrupt controller. The microcontroller will sample the digital input for a one second
sampling, using interrupts on a rising signal to count the total number of periods in the sampling
time, or rather, the frequency of the wave. With the frequency and a known value of R, Equation
(5.5) can be back-solved for the value of capacitance. From experimentation, the Arduino has
good frequency resolution in the 10-25 kHz range, so selection of the resistor R for signal
conditioning should be chosen to get the square wave frequency in this range.
5.5 Shock Sensor Design
5.5.1 MEMS Design
For the shock sensor, a three-axis microbridge accelerometer was chosen as the basis of
design. The structure is bulk-micromachined from the silicon substrate by use of KOH wet etch

46

from the back side of the wafer, creating a thin membrane. In the middle of this membrane, a
central mass will be preserved to serve as a counterbalance. This membrane is then plasma
etched from the front to create the four support beam arms. On the four arms, p+ silicon
piezoresistors are built at points where maximum stress will be experienced under high-force
accelerations. Figures 5.20 and 5.21 show the basic structure and location of the piezoresistors.
The twelve resistors are divided into three separate Wheatstone bridge circuit configurations, as
seen in Figures 5.21 and 5.22.

Figure 5.20 Three-Axis Microbridge Accelerometer

Table 5.6 Microbridge Key Dimensions

Figure 5.21 Placement of Piezoresistors for X, Y, & Z Axis Wheatstone Bridge Circuits

47

Figure 5.22 X, Y, & Z Axis Wheatstone Bridge Circuits

The p+ piezoresistors are formed by ion implant of B11 with a dose of 4x1014cm-2 P31 at
60KeV to try to get a sheet resistance of 300-400Ω/□. This same p+ implant is used for the
diode p+ implant.

The width of the arms is the minimum allowed by design rules to

accommodate the p diffusion regions and metal lines. The arm length and central mass were
optimized to fit in a roughly 2500x2500µm area, leaving enough room for the temperature and
humidity sensors.
To better understand how to design and place the piezoresistors for an integrated threeaxis accelerometer, finite element modeling (FEM) of the structure was performed using Comsol
Mulitphysics. Using its solid state structure mechanics model, a 3D FEM of the accelerometer
was created and von Mises stress was measured for different force loads in five different vectors;
a z-axis vector (normal to surface of arms), a x-axis vector (in-plane to the arms), a x-y axis
vector (45° vector in the x-y plane), a x-z axis vector (45° vector in the x-y plane), and a x-y-z
vector (split equal between all three planes). In all five cases, the magnitude of the force is kept
constant at 50G (50*9.8m/s2) and use of the fact that force can be broken down into its x-y-z
components by:
v
F =

v2 v2 v2
x + y + z

(5.6)
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Simulation 1: 50G Force in Z-Axis Direction

Figure 5.23 3D Simulation (Z Axis)

Figure 5.26 X-Axis Bridge (Z Axis)

Figure 5.24 X-Direction Arm Simulation (Z Axis)

Figure 5.27 Y-Axis Bridge (Z Axis)

Figure 5.25 Y-Direction Arm Simulation (Z Axis)

Figure 5.28 Z-Axis Bridge (Z Axis)
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Simulation 2: 50G Force in X-Axis Direction

Figure 5.29 3D Simulation (X Axis)

Figure 5.32 X-Axis Bridge (X Axis)

Figure 5.30 X-Direction Arm Simulation (X Axis)

Figure 5.33 Y-Axis Bridge (Z Axis)

Figure 5.31 Y-Direction Arm Simulation (X Axis)

Figure 5.34 Z-Axis Bridge (X Axis)

50

Simulation 3: 50G Force in X-Y-Axis Direction

Figure 5.35 3D Simulation (X-Y Axis)

Figure 5.38 X-Axis Bridge (X-Y Axis)

Figure 5.36 X-Direction Arm Simulation (X-Y Axis)

Figure 5.39 Y-Axis Bridge (X-Y Axis)

Figure 5.37 Y-Direction Arm Simulation (X-Y Axis)

Figure 5.40 Z-Axis Bridge (X-Y Axis)
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Simulation 4: 50G Force in X-Z-Axis Direction

Figure 5.41 3D Simulation (X-Z Axis)

Figure 5.44 X-Axis Bridge (X-Z Axis)

Figure 5.42 X-Direction Arm Simulation (X-Z Axis)

Figure 5.45 Y-Axis Bridge (X-Z Axis)

Figure 5.43 Y-Direction Arm Simulation (X-Z Axis)

Figure 5.46 Z-Axis Bridge (X-Z Axis)
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Simulation 5: 50G Force in X-Y-Z-Axis Direction

Figure 5.47 3D Simulation (X-Y-Z Axis)

Figure 5.50 X-Axis Bridge (X-Y-Z Axis)

Figure 5.48 X-Direction Arm Simulation (X-Y-Z Axis)

Figure 5.51 Y-Axis Bridge (X-Y-Z Axis)

Figure 5.49 Y-Direction Arm Simulation (X-Y-Z Axis)

Figure 5.52 Z-Axis Bridge (X-Y-Z Axis)
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From the simulations, the stress at the bulk and central mass anchors were recorded.
Assuming a piezoresistive constant of Π=70x10-11 Pa-1 and assuming the 10 square resistor
design came out at 3kΩ, the change in resistance can be calculated using Equation (4.11). With
the resistance change, difference of Wheatstone bridge can be calculated by:
 R3
R2 
Vout = V2 − V1 = VS 
−

 R3 + R4 R1 + R2 

(5.7)

The simulations were performed using a diaphragm thickness of 25µm. Stress simulations were
conducted at forces of 25, 60, 75, and 100 times gravity. In addition, a similar simulation was
performed to see how the accelerometer would perform if the microbridge arms were not
released, and rather a massed diaphragm structure was used. The diaphragm accelerometer
exhibited similar bending as the microbridge, however the stress was distributed over the entire
diaphragm, rather than concentrated on the arms where the piezoresistors are located.

(a)

(b)

(c)
Figure 5.53 3-D Simulation Results of Massed Diaphragm for (a) z-vector (b) y-vector (c) x-y vector
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(a)
(b)
Table 5.7 FEM Simulations (a) Microbridge (b) Massed Diaphragm

The results show that this design can sense and measure the magnitude of an accelerative
force in three dimensions. The z-axis force was found to be around 3.4 times larger than the x or
y axis force, so its value is reduced in the final calculations to equalize the three axial bridge
responses. The microbridge has a sensitivity of 18.8nV/G, over 7x more sensitive than the
massed diaphragm at 2.6nV/G. This is mainly due to the focus of stress energy in the beam arms
rather than letting the energy of the acceleration distribute throughout the entire diaphragm area.
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5.5.2 Signal Conditioning Circuitry
For the signal conditioning, the differential of the two Wheatstone bridge halves needs to
be computed and amplified. An instrumentation amplifier can perform this as well as improve
the signal timing with its built-it buffering, and amplify the output while reducing line noise. A
single-power supply instrumentation amplifier will typically only require one additional resistor
to set the output gain, specific to the exact amplifier model and desired gain. Each of the three
axis bridges will require its own differential amplifier.

Figure 5.54 MEMS Wheatstone Bridge with Instrumentation Amplifier Conditioning Circuit

5.5.3 Microcontroller
The signal conditioning circuit should be amplified to a voltage that can be resolved by
the analog inputs of the microcontroller. As for a monitoring program, three separate inputs for
each of the axial bridges will monitor the accelerometer output for a signal to exceed a minimal
threshold to record a shock event. Once threshold is achieved on any of the three signal lines,
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the maximum voltage value will be recorded for each axis during a fixed sampling time of about
5ms, polling each of the three signals at a rate of at least 1kHz. The sample rate needs to be fast
enough to analyze all three signals properly without anti-aliasing effects. The sampling time is
given so the microcontroller has an end condition to monitoring the shock event. Once the event
is over, the maxima of the three axes can be computed using Equation 5.6 to find the magnitude
of the force recorded by the accelerometer.
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6 Fabrication

The fabrication of the MEMS multisensory devices was performed in the spring of 2012
at RIT’s Semiconductor & Microsystems Fabrication Laboratory (SMFL). The devices were
built on 100mm silicon wafer substrates using a 9 mask level photolithographic process. For a
more concise fabrication flow, refer to Appendix A.
6.1 Initial Processing
Eight 100mm n-type (100) silicon wafers were obtained; six for devices and two for
monitor wafers. A maximum of 288 Version 1 and 288 Version 2 die could be yielded per wafer
with the design layout. Three of the device wafers will use tantalum as their level 1 metal, while
the remaining device wafers will have aluminum. Before starting processing, the wafers were
tested for type and resistivity using the CDE ResMap four-point probe tool. Results indicate ntype silicon with a resistivity of 9.96354 Ω·cm.

Figure 6.1 ResMap Profile of Resistivity of Starting Wafers
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Since there will be lithography and wet etch processing on the back side of the wafers
when creating the diaphragm, the back of the wafers were polished. Polishing was performed by
chemical-mechanical planarization (CMP) using the Stausbaugh CMP tool and Kelbosol
silica/KOH slurry. CMP took roughly 60 minutes per wafer. Following CMP, wafer thickness
was measured to be around 21 mils (515-535µm). Due to the KOH slurry, a decontamination
clean was performed using a 20 minute bath heated to 70°C of 5:1:1 H20/HCl/H2O2. This was
followed by a standard RCA clean.

Table 6.1 Standard RCA Clean

6.2 P-Well Formation
For the formation of the p-wells for electrical isolation, a 5000Å masking oxide was
grown using recipe #353 in the Bruce Furnace Tube 4 on all device and monitor wafers. Oxide
thickness was measured to be mean/standard deviation: 5225.7Å/20.643Å, by spectrophotometry
on the Tencor SpectraMap SM300.

Figure 6.2 Recipe #353 Tube 4 5000Å Wet Oxide
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Figure 6.3 Recipe #353 P-Well Masking Oxide Tube Record

First level photolithography was performed by coating all device wafers on the SVG Coat Track
using Coat Recipe 1. This will be the coat recipe for the rest of fabrication unless noted
otherwise. The photoresist used is HPR-504 g-line positive tone with a dehydration bake and
HMDS vapor prime for adhesion promotion. Lithographic exposure was performed using the
Karl Suss MA150 contact aligner using a 1x broadband mercury lamp with an intensity of
3.4mJ/cm2. Total exposure time was 28 seconds, resulting in exposure dose of 95.2mW/cm2.
All photo masks are 5" chrome-patterned soda lime glass. Mask level 1 'pwell' was shot with
alignment to the wafer flat. This layer created the p-well geometries as well as the alignment
marks for the other eight levels.
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(a)
(b)
Figure 6.4 (a) Alignment Marks x10 (b) Post-BOE Etch P-Well x2.5

Wafers were then developed on the SVG Develop Tack using Develop Recipe 1. The developer
used is CD-26, a 2.5% TMAH developer. This will be the develop recipe for the rest of
fabrication unless noted otherwise. Optical inspection of layer alignment and resolution was
recorded. No alignment for first level and a line resolution of 2µm.

Table 6.2 Lithography Standard Coat and Develop Recipes

The wafers were etched in 5.2:1 BOE for 7 minutes to open the oxide to the base silicon.
Monitor wafers were etched completely bare.

All device and monitor wafers were then

implanted on the Varian 350D Implanter with B11 at a dose of 8x1012cm-2 and energy 110KeV.
The photoresist was then removed using a resist solvent strip bath of 5 minutes in PRS-2000
(dirty bath), 5 minutes in PRS-2000 (clean bath), followed by a 5 minute DI rinse and SRD. A
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standard RCA clean was then performed. Wafers were then loaded into Bruce Furnace Tube 1
for Recipe #161 for a well drive-in/anneal as well as grow ~3000Å of oxide.

Figure 6.5 P-Well Formation Cross Section

Figure 6.6 Recipe #161 Tube 1 Well Dive & 3000Å Wet Oxide

Figure 6.7 Recipe #161 P-Well Drive-In Tube Record
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Measurement of the oxide yielded mean/SD of 3444.4Å/20.701Å over bare silicon and
6709.7Å/34.291Å over existing oxide. All wafers were then etched bare in 5.2:1 BOE. Fourpoint resistivity measurements of the monitor wafer were performed on the post-drive p-well.

Figure 6.8 ResMap Profile of Resistivity of P-Well Post Drive-In

6.3 P+ and N+ Implant Regions
For both p+ and n+ implants, photoresist was used as the implant block film. P+
photolithography was performed using standard procedure explained for level 1. Alignment was
±0 x-overlay, ±0 x-overlay, and resolution of 1µm. Implant was performed with B11 at a dose of
4x1014cm-2 and energy 50KeV.

One of the monitor wafers was selected by p+ implant.

Photoresist was stripped using standard solvent strip bath.

(a)
(b)
(c)
Figure 6.9 (a) P+ Piezoresistors x2.5 (b) Close-up of Piezoresistors x20 (c) P-side of Diode x10
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Figure 6.10 P+ Regions Formation Cross Section

N+ photolithography was performed using standard procedure explained for level 1.
Alignment was ±0 x-overlay, ±0 x-overlay, and resolution of 1µm. Implant was performed with
P31 at a dose of 1x1015cm-2 and energy 60KeV. The other monitor wafer was selected for n+
implant. Photoresist was stripped using standard solvent strip bath.

(a)
(b)
Figure 6.11 (a) N-side of Diode x10 (b) N-side of Diode and N+ Body Contact x2.5

Figure 6.12 N+ Regions Formation Cross Section
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6.4 Backside Diaphragm Mask Patterning
A standard RCA clean was performed, followed by a 500Å pad oxide/implant anneal
using Recipe #250 in Tube 1. Oxide thickness was measured in five points with a mean of
510.6Å.

Figure 6.13 Recipe #250 Tube 1 500Å Dry Oxide

Figure 6.14 Recipe #250 N/P Anneal and Pad Oxide Tube Record

A 1500 Å silicon nitride film was then deposited using the ASM LPCVD furnace tubes of flows
of dichlorosilane (H2SiCl2) and ammonium (NH3) at 810°C for 23 minutes. The nitride film
measured to be 1915Å, higher than expected, but fine to serve as an etch-block layer.
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Figure 6.15 Pad Oxide and Nitride Deposition Cross Section

For the KOH diaphragm etch, nitride was used to protect the sides and select areas of the
back side of the wafer. The front of the wafer needed further processing, so the nitride needed to
be cleared away. The backside of the wafers were manually coated with HPR-504 resist on the
CEE100 spin coater at 5000rpm for 60 seconds, followed by a 2 minute hard bake on elevated
wafer rings at 135°C on hot plates. The sides of the wafer were then coated by rolling resist on
with a Q-tip, followed by a 2 minute hard bake on elevated wafer rings at 135°C on hot plates.
The front of the wafers were then plasma etched with SF6 on the LAM 490 etcher using recipe
FNIT1500 for 4 minutes plus 40% overetch. A 3 minute 5.2:1 BOE etch removed any remaining
pad oxide from the front of the wafers. Resistivity of the N+ and P+ monitor wafers were
measured to be 74.8Ω/□ for N+ and 248.4 Ω/□ for P+.

Table 6.3 LAM490 Silicon Nitride Plasma Etch Recipe
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Figure 6.16 ResMap Profile of Resistivity of N+ Post Anneal

Figure 6.17 ResMap Profile of Resistivity of P+ Post Anneal

Photoresist was solvent stripped off and wafers were RCA cleaned. A front side field oxide was
grown for 5000Å using Bruce Furnace tube 4 recipe #353. This oxide is measured to be
5249.7Å.
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Figure 6.18 Nitride Front Etch Cross Section

Figure 6.19 Recipe #353 5000Å Field Oxide Tube Record

Backside diaphragm patterning began with coating the back of the wafers on the SVG
Coat Track using Coat Recipe 1. For alignment of the KS MA150, the wafer was placed front
side up, and before loading a mask, a drop of DI water was placed on the center of the wafer.
For the mask, a previous front side mask, level 3 n+ was aligned and brought into contact with
the wafer. The wafer chuck vacuum was disengaged and the mask/wafer was taken off the tool.
The surface tension strength of the water drop should lock the wafer to the mask, keeping it
aligned. Then, the level 4 diaphragm mask was manually aligned to the front side level 3 n+
mask via alignment marks in the corner of the masks outside the wafer. The two masks were
clamped together and placed on the lithography tool chuck with the backside up and exposed for
28 seconds. The wafers were then developed on the SVG Develop track using Develop Recipe 1.
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Figure 6.20 Full Wafer Mask Pattern with Four Mask Alignment Marks on Outer Corners

The front and sides of the wafer were then manually coated. The front side of the wafers
were manually coated with HPR-504 resist on the CEE100 spin coater at 5000rpm for 60
seconds, followed by a 2 minute hard bake on elevated wafer rings at 135°C on hot plates. The
sides of the wafer were then coated by rolling resist on with a Q-tip, followed by a 2 minute
hard bake on elevated wafer rings at 135°C on hot plates. The wafers undergo a 1 minute 10:1
BOE etch to remove any oxinitride formed from the previous oxidation process. The back of the
wafers were then plasma etched with SF6 on the LAM 490 etcher using recipe FNIT1500 for 5
minutes. Photoresist was solvent stripped off and wafers were RCA cleaned.

Figure 6.21 Nitride Patterning and Back Etch Cross Section
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Figure 6.22 Backside Nitride Diaphragm Masking Pattern x2.5

6.5 Polysilicon Deposition
For the lower plate electrode of the parallel plate capacitor and for wire trace underpasses
on the accelerometer bridges, a layer of n+ polysilicon was used. A 6000 Å polysilicon film was
deposited using the ASM LPCVD furnace tubes of flows of silane (SiH4) at 610°C for 60
minutes. The polysilicon film measured to be 5959.0Å.

Implant was performed with P31 at a

dose of 2x1016cm-2 and energy 50KeV. The polysilicon was then annealed in Bruce Furnace
tube 3 using recipe #120.

Figure 6.23 Recipe #120 Tube 3 N+ Polysilicon Anneal
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Figure 6.24 Recipe #120 N+ Poly Anneal Tube Record

Figure 6.25 ResMap Profile of Resistivity of N+ Polysilicon Post-Anneal

The resistivity was measured to be around 40.69Ω/□. Level 5 photo lithography was performed
with standard coat, expose, and develop processing. Alignment was ±0 x-overlay, ±0 x-overlay,
and resolution of 2µm. The wafers were then plasma etched with SF6 on the LAM 490 etcher
using recipe FACTPOLY for 1.5 minutes.

Table 6.4 LAM490 Polysilicon Plasma Etch Recipe
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(a)
(b)
Figure 6.26 (a) Polysilicon Post-Etch x2.5 (b) Accelerometer Bridge Cross-overs x10

Photoresist was solvent stripped off and wafers were RCA cleaned. A polysilicon re-oxidation
growth of 500Å using Bruce Furnace tube 1 recipe #250 was performed to repair etch damage
and aid in adhesion of LTO. The field oxide was measured to be 4866.2Å.

Figure 6.27 Recipe #250 Polysilicon Re-Oxidation Tube Record

Figure 6.28 Polysilicon for Accelerometer Cross Section
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Figure 6.29 Polysilicon for Diode and Parallel Plate Capacitor Cross Section

Following all this, the oxide was etched bare off the monitor wafers, and their final postthermal processing resistivity was measured. N+ was 51.3Ω/□ and P+ was 382.2 Ω/□.

Figure 6.30 ResMap Profile of Resistivity of N+ Implant Post-Thermal Processing

Figure 6.31 ResMap Profile of Resistivity of P+ Implant Post-Thermal Processing
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6.6 Contact Cuts
For the final part of the field oxide to cover the polysilicon, a low-temperature oxide was
CVD deposited. A 10,000 Å LTO film was deposited using the ASM LPCVD furnace tubes of
flows of silane (SiH4) and oxygen at 425°C for 70 minutes. The field oxide was measured to be
14,099.6Å, or 9233.4Å over the polysilicon.

Figure 6.32 LTO Deposition for Accelerometer Cross Section

Figure 6.33 LTO Deposition for Diode and Parallel Plate Capacitor Cross Section

Photolithography level 6 for contact cuts was performed with standard coat/expose/develop
procedures. Alignment was ±0 x-overlay, ±0 x-overlay, and resolution of 2µm. Following this
was a 15 minute 5.2:1 BOE to open contact cuts through the oxide to poly and silicon.
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Figure 6.34 Contact Cuts for Accelerometer Cross Section

Figure 6.35 LTO Contact Cuts for Diode and Parallel Plate Capacitor Cross Section

(a)

(d)

(b)

(e)

(c)

(f)

Figure 6.36 Pre-etch (a) cross-over x10 (b) piezoresistors x20 (b) parallel plate x10
Post-etch (d) cross-over x10 (e) piezoresistors x20 (f) parallel plate x10

The contact cuts came out nearly twice as big as designed, though design rules grant a 3x
misalignment, leaving this situation acceptable. A possible source of this might be the need for 2
minute 140°C hard bake after development to prevent an uplifting of the photoresist. Photoresist
was solvent stripped off and wafers were RCA cleaned.
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6.7 Polyimide Deposition
For the parallel plate humidity sensor, a thin 1µm of polyimide was deposited and
patterned to serve as the moisture-sensing film. HD Microsystem’s Pyralin PI-2556 was selected
as per its availability in the SMFL chemicals. PI-2556 is a condensation polymerization type
polyimide formed from the dianhydride-diamine combination of benzophenone tetracarboxylic
dianhydride and 4-4 oxydianiline/m-phenylenediamine (BTDA/ODA-MPD).

The polyimide

precursor is able to be spun on, cured, and then etched into a desired pattern.

Figure 6.37 Chemical Structure of BTDA/ODA-MPD (PI-2556)

Since polyimide processing is new to MEMS processing at RIT, processing of the film as
well as compatibility with other future processing steps had to be determined. Polyimide has a
degradation temperature of 500°C, though erring on caution, no thermal processes above 400°C
were preformed. From this, the only available CVD oxide processing was TEOS, which was
found to have good adhesion with no ill effect on the polyimide. Metal sputters of aluminum and
tantalum, and subsequent plasma etching in either chlorine or fluorine based gases worked as
well. Wet etching processes including 50:1 HF, Al etch (16:1:1:2 nitric acid: acetic acid:
phosphoric acid: water), acetone, isopropyl alcohol, Pad etch (16:3:3 ammonium fluoride:
phosphoric acid: 1,2-ethanediol), CD-26 developer (TMAH), and DI water emersion all showed
little to no effect on cured polyimide film.

PRS-2000 photoresist solvent strip does etch
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polyimide at roughly 500Å/minute, so only acetone/IPA removal of photoresist should be done
when polyimide is exposed to the surface. For patterning polyimide, either a metal hard mask or
a photoresist mask can be used for oxygen plasma etching at a rate of 2700 Å/minute. When
using photoresist masking, note that the oxygen plasma etches the resist at almost the same rate,
so polyimide etch depth and resist thickness should be considered.
The polyimide precursor is kept refrigerated at -10°C until needed. The main bottle
should not be opened for at least two hours until it’s brought up to room temperature. Only a
small sample as needed for processing should be extracted into a dry, clean glass container, and
this sample should not be kept longer than two weeks afterwards.
To deposit a film of polyimide, the wafers underwent an RCA clean. A dehydration bake
and HMDS prime only was done on the SVG coat track. Using the SCS resist coater, the
polyimide precursor should be dispensed such to cover nearly 80% of the wafer before spin
coating to insure no air bubbles are in the film. Spin speed recipe was 500 rpm for 2 second,
followed by a 1 second ramp-up to 3000 rpm for 60 seconds to target a 0.75-1.0µm thick
polyimide film. It should be noted that if the spread speed and planarize speeds are too vastly
different, or if ramp-up times are too long, the precursor has viscosity problems and will exhibit
drastic hydrophobic retraction. This problem was noted when trying to use a 500-3500 rpm spin
to get 0.5µm, leaving large 2-3cm diameter regions of no polyimide post-cure.

Figure 6.38 Poor Polyimide Surface Adhesion due to Improper Spin Speed
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Following spin coating, the wafers were loaded in the Blue M convection heat oven at
room temperature and then heated up to 200°C at a rate of 4°C/minute. Once at 200°C, they
were held at that temperature for 60 minutes, and then slowly cooled back down to room
temperature. Measurement of the cured film can be performed on the Nanospec using either the
‘Polyimide on Silicon’ or if atop a known thickness of oxide ‘Positive Photoresist on Oxide’
recipes, setting the refractive index to n=1.7. The polyimide was measured to have a mean/SD
of 7522.7Å/269.2Å.
Photolithography level 7 for polyimide was performed with standard coat/expose/develop
procedures. Alignment was ±0 x-overlay, ±0 x-overlay, and resolution of 2µm. The photoresist
was measured to be 13,749Å.
The polyimide film was plasma etched on the LAM 490 using recipe FACTASH for 5
minutes. The photoresist was removed with acetone/IPA cleaning, DI rinse, and SRD.

Table 6.5 LAM490 Polyimide Plasma Etch Recipe

(a)
(b)
Figure 6.39 Polyimide (a) photolithography (b) post-etch
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Figure 6.40 Polyimide Deposition Cross Section

6.8 Metal Deposition
Before loading the wafers in for metal sputtering, the wafers were dipped in 50:1 HF for
one minute to remove any native oxide on the contact cuts. The lot was then split, 3 device and 1
monitor wafers for aluminum sputter, and the other 3 device and 1 monitor wafers for tantalum
sputter. Both sputters were performed in the CVC 601 sputter tool. For the aluminum film, a
cold-hot sputter was performed to help with step height coverage. For the tantalum, a low
resistivity alpha crystalline phase was used, using a TaN seed layer and a slow, heated sputter of
the tantalum. The respective metals were sputtered and film resistivity and thickness was
measured from the monitor wafers.

Table 6.6 CVC 601 Aluminum Sputter Recipe
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Table 6.7 CVC 601 α-Tantalum Sputter Recipe

Table 6.8 CVC 601 Metal Sputter Results

Photolithography level 8 for metal was performed with standard coat/expose/develop
procedures. An extra 2 minute hard bake at 140°C was performed. Alignment was ±0 x-overlay,
±0 x-overlay, and resolution of 1µm. Both metals were then plasma etched. Tantalum was
etched using the FNIT1500 recipe in the LAM 490 etcher with SF6 plasma. Aluminum was
etched using an anisotropic chlorine-based plasma in the LAM 4600 etcher. The photoresist was
removed with acetone/IPA cleaning, DI rinse, and SRD.

Table 6.9 LAM 4600 Aluminum Etch Recipe

Table 6.10 LAM 490 α-Tantalum Etch Recipe
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(a)

(b)

(c)

(d)
(e)
(f)
Figure 6.41 Aluminm (a) lithography x2.5 (b) accelerometer bridge wiring x20 (c) diode and parallel plate capacitor
x2.5 (d) IDF capacitor x20 (e) comb fingers x50 (f) body contact x10

(a)

(b)

(c)

(d)
(e)
(f)
Figure 6.42 Tantalum (a) lithography x2.5 (b) accelerometer bridge wiring x20 (c) diode and parallel plate capacitor
x2.5 (d) IDF capacitor x20 (e) comb fingers x50 (f) body contact x10
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Figure 6.43 Metal Deposition and Etch for Accelerometer Cross Section

Figure 6.44 Metal Deposition and Etch for Diode and Parallel Plate Capacitor Cross Section

6.9 Metal/Polyimide Rework
Initial device testing now that the first level of metal is deposited was performed to verify
fabrication progress. From the testing, all accelerometer bridge circuits measured as open, only a
few aluminum diodes were operational, and some parallel plate capacitors registered. Only the
IDF capacitors passed characterization measurements. Metal contact problems were suspected
and aluminum was wet etch cleared. Inspection of the contacts showed that polyimide in the
contacts did not clear during etching.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
(i)
Figure 6.45 Residual polyimide in large contacts (a) center of wafer (b) mid-way out (c) edge of wafer; in small
contacts (d) center of wafer (e) mid-way out (f) edge of wafer; in medium contacts (g) center of wafer
(h) mid-way out (i) edge of wafer

The thickness of the polyimide in these contact cuts was probably thicker than the surface
polyimide, and was found that while the edge of the wafers cleared, the central regions did not
clear. In some smaller contacts, as much as 3000Å of polyimide remained. To solve this,
polyimide photolithography was repeated on all aluminum wafers and plasma etched for another
5 minutes. After removing the photoresist with acetone/IPA, the wafers were inspected and
measured for remaining polyimide in the contact cuts. The re-etching cleared all contacts.

83

(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
(i)
Figure 6.46 Cleared polyimide rework in large contacts (a) center of wafer (b) mid-way out (c) edge of wafer; in
small contacts (d) center of wafer (e) mid-way out (f) edge of wafer; in medium contacts (g) center of wafer
(h) mid-way out (i) edge of wafer

Due to having no wet etch process for tantalum, and the risk of etching through the diffused
silicon junctions when using SF6 plasma, tantalum processing was abandoned. IDF capacitor
humidity sensors can be tested.
After re-etching to clear the remaining polyimide in the contact cuts, aluminum metal
was sputtered. Due to an atmospheric leak in the CVC 601 that occurred during this time, the PE
4400 sputter tool was used. This tool was different from the CVC 601 such that its sputter
chamber is under constant high vacuum, so no pre-sputter step is needed. Also, the plasma
electrode systems in the PE 4400 is an RF plasma, while the CVC 601 is a DC plasma. There is
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no reactive heater in the PE4400. The aluminum film came out at 8000Å thick and a resistivity
of 45.6µΩ·cm.

Table 6.11 PE 4400 Aluminum Sputter Recipe

Level 8 metal photolithography was repeated and an extra 140°C hard bake was
performed. Aluminum was etched using an anisotropic chlorine-based plasma in the LAM 4600
etcher. The photoresist was removed with acetone/IPA cleaning, DI rinse, and SRD. The PE
4400 aluminum has a larger, rougher grain pattern than the CVC 601 aluminum. Etching was
more isotropic in nature, causing some overetching of the comb finger lines.

Electrical

characterization though showed that the accelerometer resistor bridges, diode, and both styles of
capacitors are now operational. Properly clearing out the contact cuts of polyimide was the
source of the early electrical problems.

(a)

(b)

(c)

(d)
(e)
(f)
Figure 6.47 Metal rework progress (a) polyimide film post-etch (b) post-Al etch x2.5 (c) accelerometer bridge
wiring x20 (d) parallel plate capacitor x10 (e) IDF capacitor x20 (f) comb fingers x50
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A sinter run was then done to help improve the ohmic contacts of the aluminum-silicon recipe.
Recipe 099 was run in Bruce Furnace tube 2.

Figure 6.48 Recipe #099 Tube 2 400°C Sinter

Figure 6.49 Recipe #099 Sinter Tube Record

6.10 Top Hole Mask Patterning
An aluminum masking layer was used to shape the top hole etch which will release the
accelerometer microbridge structure after the diaphragm has been etched. A 1µm thick padding
oxide between the metal contacts and lines and the top hole mask metal was deposited as a
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TEOS silicon oxide by the AME P-500 PECVD tool. The TEOS film was measured to be
9426.9Å. Aluminum was sputtered using the PE 4400 for 125 minutes, using the same recipe as
described in the metal rework section. Photolithography level 9 for top hole was performed with
standard coat/expose/develop procedures.

Alignment was ±0 x-overlay, ±0 x-overlay, and

resolution of 4µm. The aluminum was wet etched in Al etch (16:1:1:2 nitric acid: acetic acid:
phosphoric acid: water) at 40°C for 10 minutes, then DI rinsed and SRD. Photoresist was
solvent stripped off the wafers.

(a)
(b)
Figure 6.50 Top Hole Masking (a) photolithography (b) post-etch

Figure 6.51 Top Hole Masking on Accelerometer Arm Cross Section

Figure 6.52 Top Hole Masking on Accelerometer over Release Area Cross Section
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6.11 Backside Diaphragm Etch
For the diaphragm etch, KOH base was used for its anisotropic etch properties of (100)
silicon along its <111> crystal plane. The nitride masking layer formed in photolithography step
4 will protect the sides and select areas of the back. For the front, Brewer Science Pro-Tek B325 etch protectant was used. First, a 0.5µm passivation layer of TEOS was deposited to aid in
adhesion promotion of the Pro-Tek. A primer of Pro-Tek B3 Primer was spun on at 1500 rpm
for 30 seconds and baked at 140°C for 30 seconds. Then the Pro-Tek B3-25 was spun on at
1500 rpm for 60 seconds and baked at 140°C for 120 seconds. The Pro-Tek was finally cured at
200°C for 30 minutes in the Blue M Oven.
For the etch, 20% KOH base bath was heated to 75°C with an etch rate of 1.01µm/minute
of (100) silicon. Target diaphragm thickness is 20-30μm, so an etch time of 490-500 minutes
was used. Measurements show a final diaphragm thickness in the range of 18-36μm.
During the etch, the integral mass was etched away. This was probably due to corner
etching that allowed the KOH to cut into the integral mass pattern. By the end, only a small 3050μm protrusion at the center of the diaphragm remained. Prove mass for the accelerometer will
have to be manually added in post-processing packaging
.
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(a)

(b)

(c)

(d)
(e)
Figure 6.53 Backside Diaphragm Etch in KOH (a) 0 min. (b) 111 min. (b) 123 min. (d) 403 min. (e) 500 min.

It was also found that the Pro-Tek had some coverage problems, specifically over
polyimide sites. The exact cause is unknown and only a small number of these errors occured.
However, in the sites that these Pro-Tek bubbles occurred, KOH entered and destroyed the
surface area. At the end of etching, surviving die yield was 64.4%.

(a)
(b)
(c)
Figure 6.54 Front side Pro-Tek Defects over Polyimide regions (a) at start of etch x2.5 (b) at start x20
(c) at 123 min. etching x2.5.
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Figure 6.55 Pro-Tek Coating and Diaphragm Etch Cross Section

The Pro-Tek was removed at the end of the etching with Pro-Tek Remover 100 and IPA
rinsing three times, then DI rinsed and dried. A 1 minute oxygen plasma using FACTASH in the
LAM 490 helped to remove any remaining Pro-Tek. A 20 minute KOH decontamination clean
was performed, then the wafers had a 1 minute pad etch to remove the 0.5μm passivation TEOS.
6.12 Top Hole Etch
The final processing step was to etch out the top holes to release the accelerometer
structure. To aid in stabilizing the accelerometer during the etch and to prevent the plasma from
etching into the back of the diaphragm, a 0.5μm film of aluminum was sputtered onto the back of
the wafers. The PE 4400 aluminum sputter recipe was used, with the sputter time reduced to 85
minutes. The wafers were then diced into chips on the K&S 780 Dicing Saw. This was done
because the released accelerometers would not survive the dicing process.
Selected die were placed on a wafer carrier and loaded into the LAM 490 to be etched
with SF6 plasma using recipe FACTPOLY. The etch rate is roughly 0.5µm/minute. An etch
time of 60 minutes was sufficient to etch through the oxide and silicon diaphragm. Following
this, the top hole masking aluminum and passivation TEOS was wet etched away by 15 minutes
in Al etch and 2.25 minutes in pad etch.
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It was found though that all chips that underwent top hole etching failed when removing
the top hole masking aluminum. During the Al etch process, the underlying metal layer was
being removed at the same time. The cause of this is thought to be the lower-quality TEOS film,
plus the larger grain aluminum did not form as consistent a film as believed. As a result, the SF6
plasma for the top hole managed to etch out portions of the TEOS, removing that protective layer.

(a)
(b)
(c)
Figure 6.56 (a) Die post-top hole etch (b) (c) problems with metal layer being etched at same time as top hole mask.

It was found that die that did not undergo top hole plasma etching could have their top
hole masking aluminum and TEOS removed without incident. For the final accelerometers, a
massed diaphragm instead of a microbridge will be used for testing purposes.

Figure 6.57 Top Hole Etch Cross Section
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Figure 6.58 Top Hole Etch Final Cross Section

Figure 6.59 Expected Accelerometer Final Cross Section

Figure 6.60 Actual Accelerometer Final Cross Section

6.13 Packaging
Electrical characterization tests were performed checking for operational devices for
testing.

Accelerometers had their total bridge circuit resistances measured.

Two 3kΩ p+

resistors in series, paralleled six times should ideally give a total resistance of 1kΩ. Including
polysilicon cross-overs and contact resistances, a measured value of 1.52kΩ were measured from
functioning shock sensors. Diode temperature sensors underwent an I-V sweep from -1 to +1V
to observe proper diode behavior using an HP4145 Analyzer. A plot of the curve showed the
diode turning on under forward bias around 0.72V.
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Figure 6.61 Temperature Diode I-V Sweep

Relative humidity sensors had their capacitance values measured using a HP-4275A MultiFrequency LCR meter. Aluminum parallel plate humidity sensors measured in the 105-145pF
range, aluminum IDF humidity sensors around 21pF, and tantalum IDF humidity sensors around
28-33pF. IDF humidity sensor measurements were done post-polyimide deposition.
The polyimide on the IDF humidity sensors was deposited as a manually placed drop-cast
of polyimide precursor, followed by a 60 minute cure at 200°C in a convection oven in the test
lab. Thickness of the film varied over a range of 9-32µm.

Figure 6.62 Polyimide Drop-Cast of IDF Capacitive Humidity Sensor Cross-Section
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Figure 6.63 Image of IDF Humidity Sensor with Polyimide and Wire Bonds

For the accelerometers, 20mil(500µm) diameter solder beads of 68% Sn 32% Pb were
used to substitute the proof mass. Four beads were placed near the center of the underside of the
diaphragm as shown in Figure 6.64 and distributed such to help balance the central mass. The
total mass was approximately 2mg. FEM simulations for a massed diaphragm with a solder
mass was performed. The sensitivity was found to be around 30.6nV/G, almost 1.5x greater than
the originally designed microbridge accelerometer.

However, issues of how the epoxy’s

additional mass and stress properties would affect the diaphragm were unknown. Great care had
to be taken to ensure proper placement while not smearing epoxy on the diaphragm or
puncturing the 25µm diaphragm while hand-placing the solder beads.

Figure 6.64 Solder Bead Proof Mass for Accelerometers
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Table 6.12 FEM Simulations of SnPb Massed Diaphragm

The final step in packaging prior to testing was PCB mounting of the MEMS sensors.
Generic 8-pin copper-clad PCBs were designed and fabricated in the SMFL. MEMS chips were
selected for either humidity/temperature testing or acceleration testing. For the acceleration
chips, a hole was drilled through the PCB under where the proof mass would be to prevent it
from striking the board. The chips were glued to the PCB and then allowed the epoxy to harden.
The contact pads were then wire bonded from the MEMS chip to copper contact pads on the
PCB. The bridge power and ground, plus the two bridge output voltages per axis (8 pins total)
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were wire bonded for the acceleration chips. For the humidity/temperature chips, the two
capacitor terminals and the two diode terminals were wire bonded.

(a)
(b)
Figure 6.65 Wire Bonding of (a) Accelerometer Sensor (b) Humidity/Temperature Sensor

Finally, 0.1” spaced copper pins were soldered to the PCB to allow for protoboard or cable to
connect the MEMS chip to its signal conditioning circuitry.

Figure 6.66 Final Packaging of MEMS Multisensor
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7 Testing

Testing of the MEMS multisensors was broken down into three separate tests, each
focused on one of the three sensors. Each sensor was tested to verify if design and fabrication
were successful. It was also tested to show how well the sensor operation fit to theoretical
operation, and to characterize its behavior to a fitted model relating sensor response to
environmental conditions. Data was collected using the Arduino microcontroller. See Appendix
B for microcontroller code.
7.1 Relative Humidity Testing
The first tests were focused on the humidity sensors. Testing was performed in RIT’s
Center for Electronics Manufacturing and Assembly’s (CEMA) SMT and Electronics Assembly
Lab. A calibrated relative humidity and temperature environmental test chamber was used to
sweep a range of relative humidity at different temperature. The test process involved sweeping
from 20% to 80% relative humidity in 10%RH intervals, stabilizing for 5 minutes at each
interval. This sweep was performed five times at different temperatures; 10°C, 20°C, 30°C,
40°C, and 50°C. The MEMS sensor and the signal conditioning circuitry were placed in the test
chamber with a signal cable exiting the chamber feeding into the Arduino microcontroller. The
microcontroller calculated the frequency of the mulitvibrator circuit and converted that value to a
capacitance from the know resistor value.
Due to the amount of time for this test, roughly 5 hours, multiple humidity sensors were
tested together in parallel. A total of six humidity sensors were tested; two aluminum parallel
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plate humidity sensors, one aluminum IDF sensor, and two tantalum IDF sensors. The final
humidity sensor was a commercially manufactured humidity sensor, a Honeywell HCH-1000.
The HCH-1000 is a parallel plate polyimide dielectric humidity sensor that is roughly three times
the footprint of either RIT humidity sensor.

Table 7.1 Relative Humidity Test Sensors

Figure 7.1 Environmental Chamber for Relative Humidity Testing

7.2 Temperature Testing
Temperature sensor testing was performed in the Semiconductor Testing Lab using a
GCA Precision Mechanical Convection Oven.

Sensors Al-01, Al-02, and Al-03 from the

humidity tests also had their temperature diodes wired up. All three sensors were tested for
temperature response in a sweep from 25°C to 160°C. To see how the constant current mode
level affected the temperature sensor output, each temperature condition circuit was equipped
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with a different value resistor; Al-01 had a 10kΩ, Al-02 had a 33kΩ, and Al-03 had a 100kΩ
resistor. The microcontroller recorded the voltage drop measured across the diode.

Figure 7.2 Convection Oven for Temperature Testing.

In addition to the temperature test, the humidity sensor on each sensor was also
monitored to see how relative humidity changed with temperature in a constant absolute
humidity condition.
7.3 High-G Shock Testing
High-G shock testing was performed in the Semiconductor Test Lab, using two different
test structures. For both structures, a commercial accelerometer, Analog Devices ADXL278AD22285 (sensitivity 38mV/G), was used for calibration. First, a cantilever beam structure with
the sensor mounted on the end of beam, which when bent down, would vibrate up and down
producing an accelerative force. The maximum producible force from the cantilever beam test
structure was 35Gs.
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Figure 7.3 Cantilever Beam Test Structure

The second test structure was a subwoofer-based shake table, whose motion and force
was controlled by a function generator. 150Hz half-sine waves were pulsed once every second at
various peak-to-peak voltages. Calibration of the shock force test structure showed a linear
relation of 10mV peak-to-peak input pulse to 1G produced force.

Figure 7.4 Shock Pulse Test Structure Calibration
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Figure 7.5 Mounting of MEMS Sensor on Subwoofer

In both tests, the MEMS accelerometer outputs were put through a TI-INA122
differential instrumentation amplifier, with a gain resistor of 1.5kΩ for a 153x amplification gain.
The output of this was sent to both an oscilloscope and the microcontroller for data collection.

Figure 7.6 Schematic Layout of Shock Test Structure and Testing Set Up
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For the tests, the accelerometer underwent shock events of equal force but with the
orientation of the sensor altered each time to test its ability to sense in any of the three-axes.
Seven tests were conducted, testing in a pure x, y, and z direction, where z is perpendicular to the
surface of the MEMS chip. Combinations of equal x-z, y-z, x-y, and x-y-z were also tested. To
achieve accelerations of any orientation in three dimensions, a mounting structure was fabricated
in the RIT machine shop with two free moments allowing 180° range of motion on each pivot
point.

Figure 7.7 3-Axis Sensor MEMS Mounting Structure

102

8 Results

The tests were performed in the order of relative humidity testing, temperature testing,
and high-G shock testing. All of the data was acquired via the Arduino microcontroller and by
oscilloscopes in the shock tests.
8.1 Relative Humidity Results
The commercial humidity sensor, the Honeywell HCH-1000, was used to verify the
environmental chamber as well as the test procedure and data acquisition. The HCH-1000’s data
sheets as well as physical measurements show the performance and dimensions of the sensor as
being:

‘

(a)
(b)
Figure 8.1 (a) Data sheet plot of sensor response (b) HCH-1000

Table 8.1 Honeywell HCH-1000 Specs
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The results of the HCH-1000 from the humidity tests are as follow.

Figure 8.2 HCH-1000 Results

The measured room temperature/humidity capacitance was found to be 329.67pF, and its
sensitivity to be 0.53pF/%RH. The test set-up was verified to be behaving as expected, giving
confidence to the experiment.
The other five sensors, the two parallel plate and three interdigitated comb finger
humidity sensors, produced the following results.

(a)
(b)
Figure 8.3 Parallel Plate Humidity Senor results for (a) Al-01 (b) Al-02

Table 8.2 Parallel Plate Humidity Sensor Results
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(a)

(b)
(c)
Figure 8.4 Interdigitated Comb Finger Humidity Senor results for (a) Al-03 (b) Ta-01 (c) Ta-02

Table 8.3 Interdigitated Comb Finger Humidity Sensor Results

Of the two types of humidity sensors, Al-02 and Ta-01 were the best performing sensors,
have the highest sensitivity and least temperature effects on capacitance. Temperature causes an
alteration in the sorption rates and maximum factional volume of moisture of the polyimide. All
sensors, even the HCH-1000, showed signs of this, but it was the thinner polyimide films in both
classes of humidity sensors that showed this effect more pronouncedly. This is likely caused by
the smaller volume being more reactive to the temperature changes in film properties.
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The parallel plate humidity sensors seemed to have sensitivity trouble below 50%RH.
These sensors seem to have trouble with water vapor transport between the polyimide and the air.
It is likely due to not enough exposed surface area to air. Although the top hole area for these
sensors is not much different from the commercial parallel plate sensor, the outer edges are quite
different in design.

(a)
(b)
(c)
Figure 8.5 Polyimide Edge Overlap (a) HCH-1000 (b) V2 Humidity Sensor (c) Cross-section Edge of V2

The HCH-1000 has the lower plate protrude 100µm beyond the edge of the top plate, and its
polyimide coating extends another 200µm beyond the lower plate edge. As for the multisensory
parallel plate humidity sensor, both its upper and lower plate edges line up together. The
polyimide was designed to extend 50µm beyond the outer edge, only about 30µm remained.
Also, due to the recessed lower plate, there is a step-height issue in the polyimide film, thinning
the film towards the edge. When compared to top hole surface area, the RIT humidity sensor
doubles its totally surface area with the outer edge, but the HCH-1000 quadruples its surface area.
8.2 Temperature Results
The temperature sensor tests showed a negative linear response to changing temperature.
The difference in voltage drop and sensitivity are a function of the set current level by the
resistor used in the signal conditioning circuit.
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Figure 8.5 Temperature Diode Results

The sensitivity was shown to be -2.196mV/°C for 10kΩ (285.5µA), -2.199mV/°C for 33kΩ
(85.5µA), and -2.215mV/°C for 100kΩ (28.5µA). These results follow the trend expected from
theory and simulation.
In addition, the relative humidity sensors for the multisensors were also monitored. All
three showed a linear change in humidity from 20°C to 75°C. Above 75°C is above the
operational range from the op amp electronics and began to show erratic behavior around 100°C.
Below, Figure 8.7 shows a plot of the output of Al-03’s relative humidity sensor in response to
temperature. Given the data acquired from the relative humidity testing, a fitting equation was
derived from the 0%RH capacitance Co in pF and sensitivity S in pF/%RH

C − Co
S

(8.1)

C Al −03 − 19.902434
1.565473

(8.2)

% RH =

% RH =
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Figure 8.7 Relative Humidity Response and Fit for Al-03 in Response to Temperature Change

Considering Equation (3.1), the vapor saturation density of water in air has a power-series
response to temperature, so the humidity sensor should not give a linear change to temperature.
However, this is only true if the absolute humidity of the thermal chamber is constant. Water
absorbed to the surface and rack of the chamber could have evaporated and increased the
absolute humidity of the chamber air, making the drop in relative humidity more linear in nature.
The temperature test did not have same stabilize time like the humidity tests, so the linear
response could also be sensor latency. Ultimately, as temperature continues to increased, the
amount of vapor needed to change relative humidity increases rapidly. The psychrometric chart
in Figure 8.8 and values in Table 8.4 illustrate this phenomena.

Table 8.4 Psychrometric Chart Reading vs. Sensor Output
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Case 2
Case1

Figure 8.8 Psychrometric Chart [23]. Case 1: Fixed Absolute Humidity, Case 2: Al-03 Sensor Readings

8.3 High-G Shock Results
Shock tests using the function generator driven speaker was performed using a 200mV
peak-to-peak input for a 20G input. The results of the x, y, and z bridge response were recorded
for seven different orientations in the x, y, z, x-y, x-z, y-z, and x-y-z directions. In addition,
Comsol simulations of this test were also performed for comparison.

(a)
(b)
Table 8.5 x, y, z bridge maximum peak-to-peak voltages (a) Comsol simulated results (b) measured test results
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(a)

(b)

(c)

(d)

(e)
(f)
(g)
Figure 8.9 20G Shock Test Results, x,y,z bridge output from top to bottom respectively for (a) x direction
(b) y direction (c) z direction (d) x-y direction (e) x-z direction (f) y-z direction (g) x-y-z direction

From these results, although the sensor is responding to an input accelerative shock, it is
not behaving in the manner predicated from design and simulation. A deeper investigation into
the output of each half of the Wheatstone bridge circuits was performed. Another accelerometer
was connected to the same power supply and 5V input applied across the bridges. Then the
diaphragm was deflected using a vacuum chuck with applied pressure 14psi. The bridge output
voltages were recorded when the diaphragm was deflected and at rest to see how the sensor was
behaving under stress.
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Figure 8.10 Deflection of Diaphragm under Vacuum

Table 8.6 Investigation of Bridge Behavior under a Z Direction Force

This test shows that the diaphragm is misaligned with the bridge circuits by about 100200µm in the y-axial direction. As a result, the two resistors at the top, Ry1 and Rz3, most likely
never under-go any stress. The inner resistors near the proof mass do not seem to behave as
designed either. From this, the accelerometer gives off a convoluted result under stress events.
Figure 8.11 illustrates likely what is happening to the bridge circuits under diaphragm stress.
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Figure 8.11 Illustration of Actual Operation of Bridge Circuits under a Z Direction Force

Looking at the total sum of forces via the root sum of the squares of the three bridges, the
simulated results yielded a force close to 20G was properly simulated, and from it a sensitivity of
30.64nV/G was calculated. Applying the same summing of the bridge forces, removing the 153x
amplification and then applying the simulated sensitivity showed that the shock sensor actually
was able to measure the magnitude of the force as an average value of 20.33G with a standard
deviation of 3.68G. The x direction test yielded an unusually lower force compared to the other
tests, but this was found to be a fault of the test stand. The test stand’s design has a dampening
effect on the x direction if extra attention is not given. The shock test was repeated for a 400mV
input pulse, representing a 40G shock. Using the same procedure of analysis, the sensor yielded
a response of 40.31G with a standard deviation of 2.96G.

Table 8.7 Comsol Simulation Results with Magnitude Analysis for 20G Force
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Table 8.8 Measured Results with Magnitude Analysis for 20G Force

Table 8.9 Measured Results with Magnitude Analysis for 40G Force
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9 Conclusions

The testing results of the multisensors indicates that this current design had good success
in its first iteration prototype build. All three MEMS sensors were able to produce predictable
behavior that could be modeled and result values that could be calibrated. From these results,
suggestions for improvement in another design and fabrication process are concluded.
9.1 Temperature Sensor Conclusions
The temperature sensor was found to behave quite well with theory, yielding around
-2.2mV/°C. This sensitivity did not fluctuate much in the under 300μA regime. Still, using a
small current helps to reduce internal heating.
9.2 Relative Humidity Sensor Conclusions
The humidity results show a linear response of capacitance to relative humidity. The
parallel plate V2 sensor yielded a sensitivity of 0.153pF/%RH, while the IDF V1 had a
sensitivity around 0.016pF/%RH. The V2 sensors had almost 10 times the sensitivity over the
V1 for the same die footprint. The V2 sensors also showed to have a linear scalable sensitivity
to the commercial sensor as a function of top plate area.
9.3 High-G Shock Sensor Conclusions
Despite the fabrication issues with the integral silicon mass, top hole etch, and diaphragm
alignment, the three axial piezoresistive bridge circuits were able to detect accelerative force.
The simulated sensitivity of a 20μm silicon diaphragm with 2mg of solder mass was 30.64nV/G,
which proved to be a good model for calculating g-force from the bridge response. Although the
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single axis response was indeterminate to force vector direction, the combined magnitude
response was accurate.
9.4 Future Improvements
The first design pass of this project worked well, and from the fabrication and testing, a
number of improvement points were identified. The temperature sensor performed quite well
and there are few improvements apart from fine tuning of p and n concentrations. One possible
path to be explored is switching from a pn diode to a metal thermal resistor for the temperature
sensor. This would remove the need of a n-type doping region, and even solve some the
substrate noise problem, removing the need of the p-well. The type of metal for the resistor
would need to be explored to find one that is able to be integrated as a contact metal suitable for
the humidity and shock sensor design. Otherwise, it would defeat the purpose of simplify the
fabrication process.
For the humidity sensor, improving water vapor transport in and out of the polyimide
film is the major point of improvement for the parallel plate capacitor. Increasing the thickness
of the polyimide to 1μm can be easily achieved with a slower spin-on speed. Design-wise, the
top hole size and percentage of open top plate could both be increased to aid in vapor transport.
Also, a larger outer edge overlap can be done to improve this. As for IDF style of capacitors, an
integrated polyimide process could be performed as well.

Higher viscosity mixes of

BTDA/ODA-MPD do exist, however, a spin coating for IDF and parallel plate humidity sensors
would not be suggested on the same wafer.
The three-axis accelerometer's major point of improvement is on its backside wafer
processing. For forming an integral mass, a number different paths could be explored. The
115

nitride masking pattern could be enlarged to prolong to time it takes the KOH to dissolve it.
Other possibilities are grinding the wafers thinner, either after all implant processing or at the
start of fabrication and use spin-on solid source dopant diffusion. Thinning the wafers would
result in less KOH etch time to form the diaphragm Other silicon etches could be considered,
such as TMAH or outsourcing for deep RIE etching. As for diaphragm alignment, adaptation to
the current contact aligner would be needed to improve the lithography alignment for a two mask,
front-to-back alignment.
Making a microbridge accelerometer is still a possibility. Instead of TEOS, LTO oxide
should be use to give a denser sacrificial layer. Use of LTO instead of TEOS in past MEMS
designs built at RIT allowed for SF6 top hole etching without damaging underlying metal.
Although, design consideration should be given to using the diaphragm-style three-axis
accelerometer due to its simplification of fabrication by eliminating of the top hole mask and
associated processing.
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Appendix A
A1: Fabrication Process Flow

117

118

119

120

A2: Standard RCA Clean Recipe
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A3: Photolithography Coat and Develop Recipes

A4: Thermal/Diffusion Recipes
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A5: Plasma Etch Recipes
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A6: Metal Sputter Recipes

124

Appendix B
B1: Multisensor Ardiuno Code
/*
Multi-MEMS Sensor Microcontroller Program
~ for use to monitor high-G accelerometer, relative humidity and temperature sensor signals
###########################################################################################
Temperature Sensor
Voltage Drop Measurement Tool
Measures the voltage drop across a diode in forward bias constant current mode operation.
This voltage should be in the 0.2-0.8V range with -2.2mV/C sensitivity, requiring the
analog reference to be set to the Arduino's INTERNAL reference of 1.1V, for a 1.07mV
analog input resolution.
###########################################################################################
###########################################################################################
Relative Humidity Sensor
Capacitive Measurement Tool
via RC Oscillation Circuit
Measures the frequency generated by an astable multivibrator circuit using a
NJU7024D op amp using a +3.3V single power supply and R=1 Mohm resistor on the RC
inverting input. 3x100 kohm resistors are used on the non-inverting input for the positive
feedback.
Pulses are counted at the rising edge of square wave for a duration of
time. The frequency is found from the number of pulse per unit time and
converted into period. From there, the equation:
T=RC*3ln(2) (*Assuming all 3 feedback resistors are equal to one another*)
the capacitance can be found.
###########################################################################################
###########################################################################################
High-G Shock Sensor
Wheatstone Bridge Differential Measurement Tool
via Instrumentation Amplifier Circuit
Measures the output voltage from a differential instrumentation amplifier for the x, y, z
bridges of a three-axis piezoresistive accelerometer.
The sensor listens for the output to rise above a 'threshold' on any one of the three
bridge inputs, and then find and record the maximum value of each of the three bridges during
a 50ms time window.
###########################################################################################
Created by:
Dan Smith, Masters of Microelectronics Student
Rochester Institute of Technology
Version 3.0 | 13 June 2012
*/
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/* Since certain values will be changing as the microcontroller is running,
they will be made volatile so the compiler doesn't try to optimize them.
Optimizing variables that regularly change is counter-productive */
/* Temperature Sensor Variables */
int temp = A0;
// analog pin A0 for temp
volatile float Vt;
// measured voltage drop across diode
/* Relative Humidity Sensor Variables */
byte RHi = 0;
// Interrupt 0
byte RH = 2;
// digital pin 2, which is tied to interrupt 0 on the Arduino Uno
float R1 = 2.07944*1;
// Resistor value in mega-ohms & 3ln(2) factor
volatile unsigned long oldTime; // starting time for each sampling period
volatile float time;
// time taken for current sampling period
volatile unsigned long count;
// total number of square waves per sampling period
volatile float Crh;
// measured capacitance of RH sensor
/* Shock Sensor Variables */
int x_axis = A1;
// analog pin A1 for x-axis bridge
int y_axis = A2;
// analog pin A2 for y-axis bridge
int z_axis = A3;
// analog pin A3 for z-axis bridge
volatile float Vx;
// measured voltage differential of the x-axis bridge
volatile float Vy;
// measured voltage differential of the y-axis bridge
volatile float Vz;
// measured voltage differential of the z-axis bridge
float xthreshold = 0.160; // threshold voltage to determine the start of a shock event
float ythreshold = 0.270;
float zthreshold = 0.225;
volatile unsigned long startTime; // start of shock event timer
long shockEvent = 50000;
// time duration for shock event analysis (50ms)
volatile float xMax;
// Stores the maximum value of each bridge output for the shock event
volatile float yMax;
volatile float zMax;
volatile unsigned long timer;
void setup() {
/* This function performs the initial state setup for the microcontroller. Serial bus baud rate,
pin modes, and variable initialization */
Serial.begin(9600);
// serial connection baud rate
// set up all pins as inputs
pinMode(RH, INPUT);
pinMode(temp, INPUT);
pinMode(x_axis, INPUT);
pinMode(y_axis, INPUT);
pinMode(z_axis, INPUT);
analogReference(INTERNAL1V1); // set analog pin voltage reference from 0 to 1.1V (internal)
// inialize variables
temp = 0;
oldTime = 0;
count = 0;
Crh = 0;
Vt = 0;
Vx = 0;
Vy = 0;
Vz = 0;
xMax = 0;
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yMax = 0;
zMax = 0;
timer = 0;
/* Set up interrupt for rising edge triggering. When an interrupt does occur
on interrupt # RCInterrupt, function pulseCount is called and increments the
pulse count by one.
*/
attachInterrupt(RHi, pulseCount, RISING);
}
void loop() {
/* Roughly ever 1 sec, interrupts are disabled and time and number of
pulses are checked. From this, the capacitance can be calculated */
while((micros() - oldTime) < 1000000) { // RH sampling period of 1,000,000 us
/* This block of code is listening to all three bridge outputs of the accelerometer
If any one of them triggers above its threshold, the Arduino starts to intensely
listen and record the maximum output of each bridge during the shock event */
Vx = fmap(analogRead(x_axis),0,1023,0,1.1);
Vy = fmap(analogRead(y_axis),0,1023,0,1.1);
Vz = fmap(analogRead(z_axis),0,1023,0,1.1);
if(Vx > xthreshold || Vy > ythreshold || Vz > zthreshold) {
startTime = micros();
while((micros() - startTime) < shockEvent) {
Vx = fmap(analogRead(x_axis),0,1023,0,1.1);
Vy = fmap(analogRead(y_axis),0,1023,0,1.1);
Vz = fmap(analogRead(z_axis),0,1023,0,1.1);
if(Vx > xMax) {
xMax = Vx;
}
if(Vy > yMax) {
yMax = Vy;
}
if(Vz > zMax) {
zMax = Vz;
}
}
// This subtracts the resting voltage to yield the actual change from acceleration
xMax = xMax -xthreshold;
yMax = yMax -ythreshold;
zMax = zMax -zthreshold;
Serial.print("Shock Event ");
Serial.print("X: ");
Serial.print(xMax,6);
Serial.print(" Y: ");
Serial.print(yMax,6);
Serial.print(" Z: ");
Serial.println(zMax,6);
xMax = 0;
yMax = 0;
zMax = 0;
}
}
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/* This section covers the humidty and temperature sensor measurements */
detachInterrupt(RHi);
// Turn off interrupts
time = (micros()-oldTime);
// Get the time duration
/* Calculate the capacitance:
time/count = period
period/resistor = capacitance */
Crh = (time/count)/R1;
// capacitor calculation
oldTime = micros();
// Set the old time
count = 0;
// Reset the pulse count
// Print the time, capapcitance, and frequency for RH to serial
Serial.print(timer);
Serial.print(" C1 ");
Serial.print(Crh,3);
Serial.print(" ");
Serial.print(count);
// Measure and print voltage of temp to serial
Vt = fmap(analogRead(temp), 0, 1023, 0, 1.1);
/*
Serial.print(" T ");
Serial.println(Vt,3);
*/
timer++;
attachInterrupt(RHi, pulseCount, RISING); // Turn interrupts back on
}
void pulseCount() {
/* Interrupt function is called whenever a rising edge is detected
by digital pin 2, and increments the count by one. A point is taken to
insure that the interrupt program is kept simple and brief so it doesn't
cause excessive delay to other processes being run by the microcontroller. */
count++;
}
float fmap(float x, float in_min, float in_max, float out_min, float out_max) {
/* Since analog pins return an int scalar value form 0 to 1023 relative to its
reference voltage, this remaps the analog scalar to the actual voltage */
return (x-in_min)*(out_max-out_min)/(in_max-in_min)+out_min;
}
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B2: Multisensor Processing Code
This code is for Processing, which reads the Arduino serial output and write the data to text.

import processing.serial.*;
Serial mySerial;
PrintWriter output;
void setup() {
//size(300,300);
//background(255);
println(Serial.list());
mySerial = new Serial(this,Serial.list()[1],9600);
output = createWriter("Multi Sensor Output.txt");
mySerial.bufferUntil('\n');
output.println("Multi Sensor Output");
if(minute() < 10) {
output.println(month()+"/"+day()+"/"+year()+" - "+hour()+":0"+minute());
}
else {
output.println(month()+"/"+day()+"/"+year()+" - "+hour()+":"+minute());
}
output.println("Time Cap Freq Temp");
}
void draw() {
}
void serialEvent (Serial mySerial) {
String inString = mySerial.readStringUntil('\n');
if (inString != null) {
print(inString);
output.print(inString);
output.flush();
}
}
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